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NUMERICAL MODELING OF AIR POLLUTION FROM DUMPS

Purpose. Rock dumps are long-term sources of air pollution. A significant amount of harmful substances enters
the atmosphere. Particularly intense is the pollution of atmospheric air due to dusting dumps. An important task is
the development of methods for predicting the dynamics of atmospheric air pollution during the emission of harmful
impurities from dumps. When developing methods for predicting the dynamics of air pollution from dumps. It is
very important to create a universal model that would allow on a single computing platform to calculate the process
of atmospheric air pollution for various impurities that are released from dumps. Another important problem is the
choice of the place for optimal placement of future dumps in order to minimize their negative impact on the envi-
ronment. Methodology. Numerical modeling of the formation of atmospheric pollution zones near rock dumps is
based on the application of the equation of turbulent dispersion of an impurity in the atmosphere. To solve the prob-
lem of choosing the rational location of the dumps, the conjugate equation is used. Numerical integration is carried
out using an implicit difference scheme. Findings. Numerical models are developed. The first numerical model al-
lows one to evaluate the effect of rock dumps on air pollution. The second numerical model allows, on the basis of
a one-time calculation, to determine the rational location of the future dump from the point of view of its minimal
impact on air pollution. Originality. Two numerical models are proposed that are based on the application of the
turbulent diffusion equation and the conjugate equation. These models make it possible to quickly determine the
effect of rock dumps on air pollution. The models take into account the convective transport of the pollutant, atmos-
pheric turbulent diffusion, the intensity of the emission of impurities from the dump. Practical value. The devel-
oped numerical models are implemented in the form of program codes. These program codes can be used when per-
forming serial calculations on computers of low and medium power, i.e. computer technology, which is available to
organizations involved in environmental issues in technologically saturated regions. When carrying out calculations
based on the constructed numerical models, typical initial data are used regarding the intensity of the emission of
impurities from dumps, weather conditions characteristic of a specific region of the country.

Key words: air pollution, rock dumps, mathematical modeling, numerical models
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Introduction

It is known that the wide extraction of hard coal
around the world started in the beginning of the
XIX century, which is connected with the needs of
economic development [2, 10]. The coal is ob-
tained in various ways: in quarries and in mines.
A characteristic feature of the development of both
coal deposits and other minerals is the removal of
large rock masses, the annual volumes of which
are several times higher than the volumes of coal
produced. These rocks also form numerous dumps
represented by different species of rocks, which are
heterogeneous in the granulometric composition.
Depending on the technology of heaping, dumps of
the following types are formed: conical (waste
pits), spinal and flat. The areas of influence of the
dumps exceed the area of the dumps several times.
Landfills and waste heaps occupy about 165 thou-
sand hectares, which is 2.5 % of the territory of
Ukraine.

The harmful effect of rock dumps of coal mines
on the environment has been investigated by many
authors. Dumps of coal mines burn, dust, erode
and are radioactive. As a result of physical and
chemical weathering, the rock collapses, turns into
dust, and together with combustible gases and
a combustion site is one of the main sources of air
pollution and deterioration of the sanitary condi-
tion of cities and working settlements of coal
mines. For waste heaps, spontaneous combustion
processes are typical in which up to 70 thousand
tons of harmful substances per year enter the at-
mosphere: carbon monoxide, carbon dioxide, sul-
fur dioxide, sulfuric anhydride, hydrogen sulphide,
carbon disulfide, carbon monoxide, nitrogen ox-
ides, sulfuric acid, ammonia, cyanides, thiocya-
nates and others. Much attention is paid to the
burning coal dumps in the whole world. Various
geophysical methods and methods of GIS are used
to find centers of ignition . Gases entering the at-
mosphere from the dumps change the composition
of atmospheric air, which significantly affects the
soil and vegetation cover, the animal world, the
productivity of land in adjacent areas to the dumps.
At burning of 1 kg of a rock there is a pollution of
atmospheric air in volume of 6.7-8.7 million m3,
An assessment of the effect of dumps on the envi-

ronment in the study of physical and mechanical
properties of rocks was carried out.

There are neighboring villages in the zone of the
dumps influence, in this connection an active issue
is the assessment of the harmful impact of dumps on
the environment and, first of all, on the level of air
pollution. For this evaluation, the OND-86 model is
used, which completely does not allow taking into
account the parameters of the stability of the atmos-
phere, the change in the value of wind speed to the
formation of pollution zones. In the world practice,
more universal mathematical models based on solv-
ing the equations of convective-diffusion dispersion
of an impurity in atmospheric air are used to solve
problems of assessing the influence of dumps on
atmospheric air pollution.

At present, the regularities of the effect of
dumps from coal mines on the environment have
been clarified both during their operation and after
the elimination of mines. Methodological ap-
proaches to the comprehensive environmental as-
sessment of the impact of coal mine dumps on the
environment have been improved. It was shown
that an effective approach is based on adequate
models of wind flow around dumps and convec-
tive-diffusion transfer of dust-gas impurities in the
area of the dumps.

The main source of air pollution of adjacent ar-
eas to the dumps is their burning and dusting.

Around 60-75 % of conical and 17-37 % of flat
dumps are subjected to spontaneous combustion,
more than 500 thousand tons of gaseous substances
are emitted from their surfaces annually. Namely,
about 9.758 kg of CO, 154170 kg of CO,, 1476 kg
of SO, 339 kg of H.S, 72 kg of NO+NO; enter the
atmosphere per day from burning rock dumps of
mines and concentrating factories of Donbas. Ac-
cumulation of these substances is the cause of en-
vironmental problems such as «destruction of the
ozone layer» and «greenhouse effect». In addition,
more than 400 tons of rocks that contain toxic ele-
ments (Hg, Pb, As, Se, Cd, Ni, Mo, Zn, Mn, V, Be,
etc.) are blown into each of the adjacent territories.
A burning rock dump has a sanitary protection
zone of 500 m, a non-combustible zone —300 m,
a separation of harmful substances and combustion
products — up to 3 km. From this it can be conclud-
ed that living in the territories located in the vicini-
ty of waste tanks is dangerous for life and health.
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It is known that conducting experiments to in-
vestigate the formation of contamination zones is
a fairly time-consuming process, Computational
Fluid Dynamics (CFD) modeling is performed
with the help of expensive commercial packages
ISC3, Aermod, Fluent, CFX, etc [3, 6-9]. Many
numerical calculations are performed on the basis
of the Lagrange and Gauss models and their vari-
ous modifications [9, 11].

The aim of this work is the development of
a numerical model for assessing the impact of
dumps on air pollution in nearby settlements and
the possible location of the dump so that its nega-
tive impact is minimal on the areas under consider-
ation. The proposed model can be used to predict
air pollution in the event of a possible ignition of
the waste water when a significant amount of
harmful substances enters the atmosphere.

Purpose

The aim of the work is to develop computing
numerical models to assess dumps influence on air
pollution and to solve the problem of choosing of
rational dump location.

Methodology

In this paper, the solution of two problems is
considered related to the simulation of atmospheric
air pollution from dumps.

Direct problem. A direct problem is to simulate
atmospheric air pollution from the dump at
a known value of its location coordinates. It can be
project coordinates, that is the location where the
dump is supposed to be located, or the coordinates
of an already existing dump. To simulate the
spread of gaseous emissions from dumps, the mass
transfer equation (1) is used. In many works the
rock dump is considered as a point-like object of
pollution, in this work the blade is modeled by
a set of point sources specified by the Dirac func-
tion, so it is reduced to an area source.

The meteorological situation parameters specif-
ic for the particular region where the dumps are
located are determined based on the processing of
observational data or based on the application of
meteorological forecast data [1-4, 6, 12]

oC ouC ovC
—+—+—+0C=
ot ox oy

B a )l
3 (08(-x)a(y-%). O

where C is the concentration of the pollutant (dust
or gaseous impurity) (mg/mq); u, v — averaged val-
ues of the components of the velocity vector of the
air flow (m/s); o — coefficient that takes into ac-
count the rate of settling of the impurity and inter-

action with the earth’s surface (1/s), p=(p,.p, ) -

the coefficients of turbulent diffusion (m/s?);
X;,y; —coordinates of point sources of pollutant
receipt (m); Q; — the averaged value of the intensi-
ty of the impurity from the dump at the location of
the point source (mg/s); 8(x—x )d(y—y;) — Di-
rac delta function, which simulates the flow of pol-
lutant from an area source.

The coefficient o, according to Marchuk, can
be represented in the form ¢ =¢, + o, + o5, where

o, Iis the coefficient taking into account the chem-

ical transformation of the impurity in the atmos-
phere, o, =w, /H is a coefficient taking into ac-

count the ratio of gravitational settling velocity of
the pollutant (dust) wg, m/s to the averaging height
H =600+800 m, o, =p,/H is the coefficient tak-
ing into account the turbulent interaction of the
pollutant and underlying surface.

The intensity of admixture intake from dumps
can be estimated on the basis of experimental data
or developed methods [4]. For example, the intensi-
ty of dust emission (tons/day) from inactive dumps
can be estimated on the basis of empirical depend-
ence:

Q=210"°-S, (2)

where S is the surface area of the dump (m?).

Calculation of emissions (tons/day) from dumps
not operating for less than three years is calculated
using the formula:
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P =f

p P,

3)

where P, —the amount of polluting gases released

from the dumps after the operation is finished
(tons/day); P — amount of polluting gases released
from the dumps during operation (tons/day) (4);
f — coefficient, depending on the time during
which the dump does not work.

After 1 year f =0,5; after 2 years f =0,3; af-
ter 3 years f =0,1 (then the allocation becomes
insignificant).

Calculation of gases emissions (tons/day) from

existing burning slagheap and spinal heap are cal-
culated according to the formula:

P=0.001-m-H-D, (4)

where m is the coefficient depending on the quali-
ty of coal (Table 1.), H — height of dump (m);
D —the amount of rock that is given to the dump
(tons/(m-day).

Table 1
The values of the coefficient m
Contaminant %C;Qﬁ:s \I;\cg:;n
basin
Carbon monoxide, CO 0,2 2,0
Carbon dioxide, CO- 2,5 9,3
Sulfur dioxide, SO 0,02 0,5
Hydrogen sulfide, H,S 0,01 0,03
Nitrogen oxides, NO+NO; 0,002 0,006

Calculation of emissions (tons/day) for gases
from burning flat dumps is calculated using the
formula:

P=o,001-q-(o,036-s+0,052-J§-x.H), (5)

where g — specific gas emission (kg/(m2 day)); for
CO, q=7,6; for CO2, g=138; for SO2, q=17;
for H2S, q=0,5; for NO + NO2, q=0,12; S —
the area of the base of the flat blade (m2); H — is
the average height of the dump (m).

For the numerical solution of equation (1), an
alternating-triangular implicit difference splitting
scheme is used [1, 2, 6]. Consider the principle of
constructing of this scheme.

Convective derivatives can be represented as:
ouC au'C Lo C
ox o ox
ovC ov'C N ov C
o oy oy

where
Lo UHul Cou=lu vV o vl
ut= = v = Vo= .

2 2 2 2
To approximate convective derivatives, we use the
expressions:

+ n+1 + ~n+l
ou'C N Uy ;G —UiCiyj _ et
OX AX "
_ - n+l - ~n+l
ouC Ui+1,jci+1,j _ui,jCi,J -on+l
~ = LXC 1
OX AX
+ n+1 + ~n+l
ovC N Vi,j+1ci,j _Vi,jCi,j—l _Lrcnt
o Ay o
_ - n+1 - ~n+l
N C  VijaCija—ViiGi; _ ¢t
oy Ay '

The second derivatives are approximated by the
following expressions:

i n @ ~1i Cileli _Ci'?jﬂ - Ci'?j+l _Cin-+1,1j _
ax X ax MX AXZ X AXZ
= M;XCT'H-]. + M)—(G—XCn+l,
2f, ) g SOl GG
8y Y 8)/ y Ayz y Ayz
=M, C"™ +M:C".
b vy
2(“ ﬁ) ~i Cily; -Gt . Gl -Gl _
ox\ " ox X AX2 X A2
= M;XCrH—l + M)—(e-xcn+1,
o, X)) 4 Cria—Cit Gl -Clh
ay y 6y y Ayz y Ay2
—_ l 1
= MWCn+ + M;yCn+ )

With these notations taken into account, the dif-
ference analog of the impurity transport equation
(1) has the form:
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Cin‘+l _ C.n_

J 1) + n+1 - n+l

A ey e+
At Lx X

+L;r, .Cn+l + L; .Cn+l+G.Cir]1j+l —

=(M+ 'Cn+l+M;X'Cn+l+

+ n+1 - n+1
+My, -C™+ My, -C™). (6)

Integration over a time interval splits equation
(6) as follows:
- atthe firsttime step k =n + 1/4:

Cikj_cinj 1 k k G -k

L S *.C + +.C +—-C" =

At 2(LX ! ) 4"

=%(MQX-Ck+MXX-C”+M;y-C"+MW-C");(7)
- at the second time step k=n+1/2;

c=n+1/4:

Cil,('_cic,'l— k - ~k O -k
T+E(LX'C +1,-C )+qu=

1 - + - + .
=Z(MXX :C+ M5 -Co+ M, -CH+ My, -C°); (8)

- at the third time step k=n+3/4; c=n+1/2
the formula (7) is used, in the fourth time step
k=n+1; c=n+ 3/4 the formula (8) is used, in the
fifth step the formula:

5N+l  gn

Ci,j —Cij :i

5. 9)

A feature of this difference scheme is that an
unknown value of the impurity concentration at
each step of the splitting is found by the explicit
scheme of the running count. Based on the differ-
ence equations, the «<FORW-2D» code was devel-
oped.

Direct problem. Under this task, the situation is
considered when it is necessary to find the location
of the dump so that its negative impact on the ob-
jects under consideration is minimal. Namely, the
concentration of the pollutant coming from the
dump at the locality point of the settlement should
not exceed a certain predetermined value

C(x,y)<C,, where C, — MAC for populated ar-
eas.

To solve this problem, we can use equation (1)
and sequentially choose different coordinates, dif-
ferent positions of the dump, by finding the solu-
tion of the problem by the search method. Howev-
er, this process requires lots of calculations, since it
is necessary to solve equation (1) many times to
determine the pollutant concentration field in the
settlement for different variants of the dump
placement. More effective is the approach pro-
posed by academician Marchuk, which is based on
the solution of the conjugate equation (10) [3]

_oC” auct aC .

+oC =,
ot OX
o, oc'. o, ocC”
= (n, —) +—(u, — 10
E(ux 8X)+3(uy3)+|o()

where C” is the function conjugated with a func-
tion C (mg/m?3), p is a certain function.

The boundary conditions for the conjugate
problem have the form:

- C"=C; - concentration of pollutant in am-
bient airat t=T (s);

- C" =0 - at the boundaries of the calculated
area.

The form of the function p can be extremely
diverse, for example [3]:

P(X,y,t)=8(x—%)d(y—Y,)d(t—t;)-Cr,(11)

If a solution of the conjugated equation (10) is
found, then it is necessary to find the value of the
functional of the following form [3]:

T

| =Qjc*(x0,yo,t)dt & (12)

0

Having constructed the isolines of this func-
tional, the solution of the problem is sought from
the condition [3]:

1(%: Yo:t) <o, (13)

where ¢ is maximum permissible value of poten-
tial |.

To solve the conjugated problem (10), new var-
iables are introduced:
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u'=-u,v'=-v,t'=T —t.

The solution of the conjugated problem starts
from the moment of time t=T, the calculation
proceeds in the opposite direction of time. To solve
equation (10), we use the alternate-triangular im-
plicit difference scheme considered above, that is,

an unknown value C” is found by an explicit
scheme of the running account. Based on this algo-
rithm, the code «<BACK-2D» was developed. This
code is aimed to solve the problem of justifying the
location of the dump.

Findings

The developed codes were used to solve two
problems. The first problem is the calculation of the
atmospheric air pollution zone with carbon monox-
ide using the proposed numerical model. The source
of pollution are the dumps of the West-Donbas mine,
the characteristic dimensions of the occupied territo-
ry are 860 m by 415 m according to the map. With
the possible spontaneous combustion of these
dumps, more than 10 tons/day of carbon monoxide
can enter the atmosphere. The West-Donbas mine is
a coal mining enterprise in the town of Ternivka,
Dnipropetrovsk region (Ukraine), commissioned
since 1979, is included in the PAO «Ternove» mine
management of «DTEK  Pavlohradvuhillya»
(DTEK) from 2013, the largest mine in the Western
Donbass. The calculation was carried out with the
following parameters: the dimensions of the com-
puted area were 4 km per 2 km, the wind velocity
was U =6 m/s with the south-west direction (Fig. 1),
Cyax=18.381 mg/m? with steady flow regime.

T

Riat

Rocd g

WestTlonbots Mine s f}f, i
y A 6

AR, 1418%

Fig. 1. Percentage distribution of carbon monoxide
concentration in the contaminated zone

The concentration value is represented as
a percentage of its maximum value at the
calculated time. Calculations showed that the
maximum  value of the  concentration
Cux=18.381 mg/m® can exceed maximum
allowable concentration (maximum one-time)
MACm.t.=5 mg/m3, but the distribution of
concentration decreases from the center of the
pollutant supply source (mine dumps) to the
periphery. The percentage distribution of the
concentration is shown in Figure 1, there are in the
pollution zone: dumps — 96-76 %; the mine and its
territory — 76-58 %; Molodizhna Str., Ivan Franko
Str., Maiakovskoho Str. — 56-44 %; Lermontova
Str., Dniprovs’ka Str. — 42-30 %; Zhovtneva Str.,
Spas’ka Str., Michurina Str. — 26-10 %. On the
territory that limits the calculated zone of
pollution, and outside of it the concentration of
carbon monoxide is 5-10 % or less. In Figure 1,
a general zone of contamination is shown in the
circle, which can occur when the meteorological
parameters change, namely the direction of the
velocity.

Fig. 2. Isolines of the functional I, which justify the
choice of possible placement of the dump

The presentation of modeling results by
imposition of contamination zones on a map of the
territory, that is near to the source of pollution
allows us to determine quickly the boundaries of
zones of technogenic pollution and their variation
under different meteorological conditions and
different intensities of the pollutant.

The second problem is to select the location of
the dump based on the solution of the conjugated
equation. To illustrate the practical application of
this approach, Figure 2 shows the isolines of the
functional (12), determined after solving the
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conjugated equation (10), which allow to
determine the possible location of the dump, so
that the negative impact on the village was
minimal.

The isoline 1=5 shows that if the dump is
placed along this line, then in the village the
concentration of CO in the air will be 5 mg/m?. If
the dump is placed on the line 1 =9, this means
that the CO concentration in the air is 9 mg/m3, it
will exceed MACm.t. So, having made only one
calculation based on the conjugate equation, it is
possible to obtain an area where it is recommended
to have a dump to minimize its influence on the
level of air pollution in the village.

From the mathematical point of view, the
influence of the dump on the air pollution in the
village will be the same for any of its location
along the line I =const (I =5). However, from
a practical point of view, it is necessary to divide
the obtained picture of the isolines distribution of
the functional | into two parts Figure 3. The section
A-B should be excluded from consideration,
because if the dump is located on this site, when
the wind direction in the village changes, intensive
air pollution will occur, so it makes sense to put
a dump in the C-D section. So, a computational
experiment carried out to determine the functional
lines, taking into account the practically possible
location of the dump, allows us to refine the
coordinates of the dump by solving the direct
problem using equation (1).

Originality and practical value

Two numerical models were developed to pre-
dict atmosphere pollution from dumps of breed.
The first model is based on equation of pollutant
convective — diffusive transfer. The second model
is based on the equation of conjugate problem.
Numerical integration of modeling equations is
performed using implicit difference scheme of spit-
ing. The developed models can be used for quick
assessment of dumps influence on air pollution and
to solve the problem of choosing of rational dump
location.

Conclusions

As a result of the research, the following results
were obtained:

1. A mathematical model is proposed for the
«express» forecast of the level of air pollution in
the impact zone of mine dumps, which is based on
the numerical integration of the equation of con-
vective-diffusion dispersion of an impurity in the
atmosphere. For numerical integration of the mod-
eling equation, an implicit difference splitting
scheme is used, representing the balance of the
impurity mass for each difference cell. The un-
known value of the impurity concentration is de-
termined by the running account method, which
allows a simple software implementation of the
difference relations.

The proposed model has a significant ad-
vantage over the currently used normative method-
ology of OND-86. The peculiarity of the model is
the efficiency in obtaining forecast data. The mod-
el takes into account the main physical factors af-
fecting the formation of contamination zones. This
model is implemented in the form of the program
code «<FORW-2D».

2. A mathematical model has been developed
for solving the problem of scientifically justified
selection of the mine dump location with the con-
dition of a minimum level of air pollution in eco-
logically significant areas (villages for workers,
residential areas).

This model is based on solving the conjugate
equation, which allows to determine the position of
the dump based on a one-time calculation. This
model is implemented in the form of the program
code «BACK-2D».

3. The solution of the problem of assessing the
impact of mine dumps on the level of atmospheric
air pollution, as well as on justifying the location
of the dump, requires 2 seconds of computer time.
This is important for carrying out serial calcula-
tions in the centers for environmental protection.

4. The perspective of development in this direc-
tion is the working out of a 3D numerical model
for predicting the formation of pollution zones near
the dumps taking into account their geometric
shape.
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YUCEJBHE MOJIEJTIOBAHHS 3ABPY/THEHHS MMOBITPSITHOT' O
CEPEJIOBMIIIA BIJ] BIIBAJIIB

Mera. BigBamu mopoan € JOBrOCTPOKOBHMH JDKepenaMu 3a0pyqHEHHS aTMOocdepHOoro noBitps. B atmocdepy
HAJIXOIUTh 3HaYHA KUTBKICTh IIKIJUIMBAX pedoBHH. OCOONMBO IHTEHCHBHO BigOyBaeThCs 3a0pyaHEHHS atMocdep-
HOTO TIOBITPS BHACTINOK IIBITIHHS BigBalsiB. BakKITMBUM 3aBIaHHIM € PO3pOOKa METOJIB MPOTHO3Y AWHAMIKH 3a0-
PYIHEHHS aTMOC(EpHOTO TOBITPS IPU BUAICHHI IIKIUIMBAX JOMIMIOK Bix BigBamiB. [lpu po3pobui MeToxiB mpo-
THO3Y OUHAMIKH 3a0pyTHEHHS HOBITPSHOTO CEpeIOBHUINA Bif BimBamiB. Jly)ke BaKJIMBHM € CTBOPCHHS YHIBEpCalb-
HOT MOJIeNi, siKa JTO3BOJsUIa O Ha €IWHINA OOYHCITIOBATIBHOI IaT(opMi 3AiHICHIOBATH PO3paxyHOK mpoliecy 3a0py -
HEeHHS aTMOC(EPHOTO TOBITPS AJIsL PI3HUX JOMILIOK, SIKI BUIUIAIOTHCS BiJ BiABaTiB. Takoxk BaXJIMBOIO NPOOJIEMOIO
HaBKOJIMIIHE cepepoBuiie. Meroauka. UncenbHe MOJEMOBaHHS ()OPMYyBaHHs 30H 3a0pyaHEeHHs aTMocdepu 01t
BiJZIBJIiB [TOPOAY BUKOHAHO Ha OCHOBI 3aCTOCYBaHHS PIBHSHHS TYpOYJIICHTHOT'O PO3CIIOBAaHHS TOMIIIKK B aTMocdepi.
Jlns BupilieHHst 33/a4i 10 BUOOPY palliOHATBHOTO MICISI PO3TAIIyBaHHS BiJBAJTiB BUKOPHUCTOBYETHCS 3B'A3aHE
piBHsAHHS. YucenbHe IHTErPYBaHHS 31HCHIOETHCS 32 JOIIOMOTOI0 HESIBHOI pi3HHULICBOT cxeMu. PesyabTaTu. Po3pos-
JIeHO yucelNbHi Moneni. [lepira gicenbHa MOJENb O3BOJISIE OLIIHUTH BILUTHB BiIBAJIIB MOPOIY Ha 3a0pyIHEHHS aTMO-
cdepHoro noBiTps. [pyra yucenpHa MOAENL NO3BOJSE HA OCHOBI OJJHOPAa30BOrO PO3paxyHKY BH3HAYHMTH pallio-
HaJIbHE MICIIe PO3TAIlyBaHHS Mail0yTHBOTO BiBaJy 3 TOYKHM 30pYy HOro MiHIMaJIbHOTO BIUIMBY Ha 3a0pyAHCHHS at-
MocdepHoro noBiTps. HaykoBa HOBH3HA. 3aIpOITOHOBAHO JIBi YHCEIbHI MOJIENI, SIKi IPYHTYIOTBCS Ha 3aCTOCYBaHHI
piBHSHHS TypOyneHTHOi Iudy3ii i 3B'13aHOrO piBHSAHHA. J[aHi MoOmeNmi TO3BOJSIOTH OIEPATUBHO BHU3HAYHTH
BIUIMB BiZIBaJIB TOpOIU Ha 3a0pyaHeHHs arMochepHOro mOBITps. Mojenl BpaxoBYIOTh KOHBEKTHBHUIMA
nepeHoc 3a0pynHioBaya, aTtMoc(epHy TypOyleHTHY IuQy3il0, IHTEHCHBHICTH eMmicii NOMIIIKM BiJ BiaBaity.
IpakTuuna 3HaYnMicTb. Po3pobieHi yncenbHi MoJierni IMIUIEMEHTOBaHI Y BUIIISI POrpaMHuX KoxiB. JlaHi mpo-
rpaMHi KOJM MOXYTb OyTH BUKOPHUCTaHI, IIPU MPOBE/ICHHI CEPIHNX PO3paxyHKIB HA KOMITIOTEpax Maioi i cepeHb-
01 MOTY)XHOCTI, TOOTO OOYMCIIOBAJIILHOI TEXHIKH, SKa € B PO3MOPS/DKCHHI OpraHizailiid, 1o 3aliMaroThCs EKO-
JIOTIYHUMH NpoOJIeMaMH B TEXHOTEHHO HaCHUEHMX perioHax. [Ipu mpoBeneHHI po3paxyHKIB Ha 0a3i moOyn0BaHHX
YHCEIbHUX MOJEJCeH BHKOPHUCTOBYIOTHCS THUIIOBI BHXIJHI JaHi MO0 iIHTCHCHBHOCTI €MICil JOMIIIOK Bi BiIBaiiB,
METEOYMOBH, XapaKTEPHi U1 KOHKPETHOTO PETiOHY KpaiHH.

Knrouogi crosa: 3a0pynHeHHs atMocdepH, BiBaiK IOPOAN, MaTeMaTHIHe MOJCIFOBAHHS, YACEIbHI MOEIi
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YUCJEHHOE MOJEJINPOBAHME 3AT'PSI3HEHUSI BO3AYIITHOM
CPEJbI OT OTBAJIOB

Heas. OTBaBI TOPOABI SBIAIOTCSA JOITOCPOYHBIMH HCTOYHHKAMH 3arpsisHEHHS aTMOc(epHOro Bo3nyxa. B ar-
Mocdepy HOCTynaeT 3HAYUTENbHOS KOJIMYECTBO BPEAHBIX BemecTB. Oco00 MHTEHCHBHO MPOUCXOMUT 3arpsisHEHHE
aTMOC(epHOro BO3IyXa BCIEACTBHE NBUICHUS OTBANOB. BaxkHOil 3amayeii sBisieTcst pa3paboTKa METOIOB IIPOrHO3a
IOUHAMHKH 3aTrpS3HEHUs aTMOC(EpHOro Bo3ayXa IPH BEIIEIICHHH BPEIHBIX IpHMeceil oT oTBanoB. [Ipu paspaborke
METOJZIOB NPOTHO3a JIMHAMHKH 3arpsi3HCHHS BO3IYIIHOI cpensl oT oTBaoB. OUYeHb BaXKHBIM SBISIETCS CO3aHHE
YHUBEPCAJIbHOW MOJIETIH, KOTOpasl IMO3BOJIsIa Obl HA €AMHOW BBIYHMCIUTEIBHOU IUIaTGOpMe OCYIIECTBIATh pacuer
mpolrecca 3arpsi3HeHUs] aTMOC(EpHOTO BO3JyXa Ul Pa3iIMYHBIX NMPUMECEH, KOTOpPBIE BBHIJEISIOTCS OT OTBAJIOB.
Taxoke BakHOW NpoOJIEeMOil ABJsIeTCsT BEIOOP MECTa ONTHMAIBHOTO pa3MeIIeHHsT OYAYIIUX OTBAJIOB, C LEIBIO MH-
HUMH3AIMK UX OTPULATENIHOTO BIMSHUS Ha OKpyxatouryto cpeay. Meronuka. UucienHoe MoaenupoBaHue ¢op-
MHUPOBaHHS 30H 3arpsi3HEHHs aTMoc(epbl BO3Jie OTBAJIOB MMOPO/bI BHIMOJHEHO HA OCHOBE NMPHMEHEHUS YpaBHEHUS
TypOYJICHTHOTO pacceMBaHUs IpuMecH B atMocdepe. g pelneHns 3aJadn Mo BIOOPY palliOHAaIbHOTO MEcTa pac-
TIOJIOXKEHHSI OTBAJIOB UCIIOJIB3YETCs CONPSDKCHHOE ypaBHEHHE. YHCIICHHOS HHTEPHUPOBAHHE OCYLIECCTBISCTCS C IO~
MOIIBIO HESIBHOW Pa3HOCTHOW cxeMbl. Pe3ynbTarsl. PaspaboTansl uncieHHble Mojenu. [lepBas 4uciIeHHAs MOJEIb
MO3BOJISICT OLICHUTH BIHMSHIE OTBAJIOB MOPOJbI HA 3arpsi3HEHNE aTMOC(HEPHOT0 Bo3ayxa. Bropas ducieHHas Moaensb
MO3BOJIICT Ha OCHOBE OJHOPA30BOT0 pacyeTa ONPENeMTh PAlMOHABHOS MECTO PACIIONOKEHUS OyIyIIero oTajia
C TOYKHM 3pEHHs €ro MUHHMAaJBHOTO BIUSHHA Ha 3arps3HeHue atMoc(epHoro Bo3nyxa. Hayunas nosusHa. Ipex-
JIO>KESHBI JIBE YHCIICHHBIE MOJIENH, KOTOPbIE OCHOBBIBAIOTCS HA IPUMEHEHHH YpaBHEHHs TypOyIeHTHOH quddy3un u
COIIPAXKCHHOT'O YpaBHCHUS. I[aHHI)Ie MOAECIN MO3BOJIAIOT ONEPATUBHO ONPEACINTL BJIUAHUEC OTBAJIOB MOPOJblI Ha
3arpsisHeHUe aTMoc(epHOro Bo3ayxa. MoJenu y4uThIBalOT KOHBEKTUBHBIH MEPEHOC 3arps3HUTENs, aTMOChepHYIO
TypOyJIeHTHYIO Au( (Y310, HHTEHCUBHOCTh IMUCCHU TIpUMecH OT oTBaja. [IpakTuyeckasi 3HaunMocTh. Paspabdo-
TaHHBIC YUCJICHHBIC MOACIN UMITTICMCHTHPOBAHbI B BUJIC TPOTrPaAMMHBIX KOOOB. I[aHHI)Ie nporpaMMHBIE KOJAbI MOT'YT
OBITh WCIIOJIb30BAHbI, NMPU TPOBEACHUH CEPUUHBIX PACUYETOB HA KOMIIBIOTEpaxX Majloil M CpeAHEeH MOIIHOCTH,
T.€. BRIYUCIUTEILHOMN TCXHUKE, KOTOpasA UMCCTC B paClIOPSIKECHUN OpFaHH3aHHﬁ, 3aHUMAarIIMXCs 9KOJIOTrHYCCKUMU
npobieMaMyl B TEXHOTCHHO HACHIICHHBIX pernoHax. IIpy npoBeneHHH pacyeToB Ha 0a3e MOCTPOCHHBIX YHCICHHBIX
MOJENeH HCHOJIB3YIOTCSl THIIOBBIC HCXOIHbBIC JAHHBIC OTHOCHUTEIFHO MHTCHCUBHOCTH SMHCCHHU NpHMeceil OT oTBa-
JIOB, METCOYCIIOBHS, XapaKTEPHBIE s KOHKPETHOTO PErHOHA CTPAHBL

Knrwouesvle crosa: 3arpssHeHue atMochepsl, OTBalbl MOPOIbI, MATEMAaTHYECKOE MOJCIMPOBAHHE, YUCIICHHBIC
MOJCIA
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NUMERICAL HA COMPUTER COMPUTER MODELING OF AIR
POLLUTION IN CASE OF DUST CLOUD MOVEMENT IN OPEN PIT
MINE

Purpose. Explosions in open pits lead to the formation of dust clouds. These clouds lead to intense air pollution.
An important task is the development of methods for predicting the dynamics of atmospheric air pollution during
explosions in open pits. The purpose of this work is development of a humerical model to predict atmosphere pollu-
tion after explosion in open mine pit. The task is to develop a numerical model that would allow for the calculation
to take into account the geometrical shape of the open pit mine, the parameters of the meteorological situation (wind
speed, atmosphere), the shape of the dust cloud that is formed in the open pit mine at the site of the explosion.
Methodology. Mathematical modeling of dust cloud dispersion during an explosion in an open pit mine is based on
the use of fundamental equations of aerodynamics and mass transfer. The airflow velocity field in the open pit mine
is modeled using the Laplace equation for the velocity potential. The formation of the concentration field of dust is
modeled on the basis of the equation of convective-diffusion dispersion of an impurity. For numerical integration of
modeling equations, difference schemes are used. The Laplace equation for the velocity potential is numerically
integrated using the Richardson method. For the numerical integration of the convective-diffusion dispersion equa-
tion for an impurity, an implicit difference splitting scheme is used. Findings. A CFD model has been developed
that allows you to calculate the formation of pollution zones during the movement of a dust cloud in the open pit
mine. A feature of the developed model is the speed of calculation. For practical use of the developed model, stand-
ard input information is required. Originality. In contrast to the existing models in Ukraine, the developed numeri-
cal model allows taking into account the geometrical shape of the open pit mine and the geometrical shape of the
dust cloud when making predictive calculations to assess the level of air pollution caused by explosions in open pits.
Practical value. The developed numerical model can be implemented on computers of low and medium power. For
practical use of the numerical model, standard information on meteorological conditions in open pit mine is re-
quired. The numerical model can be used for environmental assessment of the effect of explosions in open pit mine
on environmental pollution and work areas.

Key words: dust cloud; open pit mine; atmosphere pollution; numerical simulation

from the pit. During explosions in the open pit
mines, the territory adjacent to the open pit mine is
contaminated. An important problem is prediction
of air pollution after explosions in an open pit
mine. In Ukraine, at present, the OND-86 method
is used to predict the process of atmospheric pollu-

Introduction

Explosions in open pit mine yield in large
amount of different pollutants emission into the
atmosphere [3]. Assessment of risk as a result of
air pollution in case of such emissions or others at

the different enterprises is of great interest [1,2, 4,
5, 11, 14, 15]. Under the influence of atmospheric
diffusion and wind flow, dust clouds are removed

tion during explosions in open pit mine. However,
this technique has a number of significant draw-
backs. It does not take into account the geometric
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shape of the open pit mine, the wind velocity pro-
file, and atmospheric diffusion.

In this regard, the urgent task is to create effi-
cient numerical models for analyzing the effects of
emissions on atmospheric pollution. The use of
numerical models, commercial codes like
ANSYS® for the prediction of air pollution re-
quires the use of powerful computers and much
computer time [7, 8, 12, 13]. For practice, it is im-
portant to have numerical models that would take
into account the main physical factors influencing
the formation of contaminated areas, and on the
other hand could be quickly implemented on com-
puters of low and medium power [2, 4, 5].

Purpose

The aim of the work is to develop an efficient,
fast computing numerical model for prediction of
dust cloud dispersion after explosion in open pit
mine.

Methodology

As it is known, the application of the Navier-
Stokes equations to calculate the wind flow in open
pit mine takes computing time. The calculation may
take several days. Therefore, to create a fast-
calculating computer model, the inviscid fluid mod-
el will be used.

Modeling equations. Introducing the assumption
that airflow is potential, the basic equation of aero-
dynamics has the form [6, 9, 10]:

0’P  0°P
_+_:
aXZ ayz

where P — is velocity potential, x, y — are Cortesian
coordinates, m.

When applying this equation, it is assumed that
the Y axis is directed vertically upwards.

To solve the equation (1) the following bounda-
ry conditions are used [6]:

1)on the walls of the open pit mine, as well as
on other solid surfaces located inside it, a follow-
ing boundary condition is set: oP/on = 0, where n —
is unit vector of external normal to solid wall;

2)at the inlet boundary we set: oP/on =V,
where V, — known airflow velocity, m-s™;

3)at the outlet boundary we set: P = Po+const,
Po — is arbitrary number (Dirichlet condition).

0, (1)

To simulate the dispersion of dust in open pit
mine, the mass transfer equation (Marchuk equa-
tion) is used [6, 9, 10]:
oC auc o(v-w)C
—+ +
o ox

+oC =

0 oC 0 oC
= &(Hx aj +5(“’y E] . (2)

where C — is dust concentration in the atmosphere,
ug'm3; u, v — are wind flow velocity components,
m's?;, ws — is dust fallout speed, m-s?;
p=(p,.1, ) — are turbulent diffusion coefficients,

m2-s1, X, y — are Cortesian coordinates, m; ¢ — CO-
efficient of pollutant chemical decay, s™.

Initial and boundary conditions for (2) are
discussed in [6].

Numerical model. Numerical integration of
modeling equations is carried out using a rectangu-
lar difference grid.

Convective derivatives are represented as [6]:

ouC _ ou'C N ouC
ox ox ox
ovC _ ov'C N ov C
a oy oy

where

+

u =

u+|u|,lr _ u—|u|’v+ :V+|V|,v* =v—|v|.

2 2 2 2
The approximation of these derivatives is carried
out according to the formulas [6]:

+ n+1 + n+1
u'C _ Ui iGip —Ui Gty LNt
= =L, ,

OX AX
ouC ui_+1,jCirr£,1j _Ui_,jcir,]jﬂ —~nil
x AX =he
1 1
v'C VGl Ve Gl
% ~ X =L,C",
y
v C Vil —Vi Gl o
y A =L,C™.
y
The time derivative is approximated as follows:
oc _ Gy -Gl
ot At
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To approximate the second derivatives, the fol-
lowing formulas are used [5]:

ﬁ( u @j ~ i Ciy —Cif i Ciy —C
ax X ax X X

AX? AX?
=M, C™+ M CM,
01, o, SIELCE STl
oy\ oy Ay Ay
=M, C"+ M, C".

Taking into account the above notation for dif-
ference operators, the original mass transfer equa-
tion is represented as:

C_n_+1 _C_n_
—L e ecett+

+~n+l -~n+l n+1
+LCT+ L, CT +0C =
:(M;XCn+l+M:XCn+l+M;nd+l+M;nd+l).

Further, splitting of this difference equation is
carried out as following:

1)on the first step of splitting (k = n+1/4) the
difference equation has the appearance:

C5-Ch 1 o
i,] i,] +~k +~k k _
- +§(LXC +L,C )+Zc”_

1 — + k — + k
:Z(MXXC" +M;,CK 4+ M C"+ M CH). (3)

2)on the second step of splitting (k = n+1/2;
¢ = n+1/4) the difference equation has the appear-
ance:
ck-ct 1 G

ij i,j -~k -~k k _
A +§(LXC +L,C )+ZC”—

1 — k + - k +
:Z(MXXC +M;,Co+M C +M;,C). (4)

3)on the third step of splitting (k =n+3/4;
¢ = n+1/2) the equation (4) is used;

4)on the fourth step of splitting (k =n+1;
¢ = n+3/4) the equation (3) is used.

From equations (3) and (4) the unknown value
of the dust concentration is calculated by explicit
formula of running calculation.

For the numerical integration of velocity poten-
tial equation, Richards method was used. To solve
the two-dimensional equation for the velocity po-
tential, first of all, this equation was written in evo-
lutionary form [6]:

2 2
rI2 ©)
ot ox° oy
where t — fictitious time (dimensionless).

It is known, that when t — oo the solution of
this equation will approach to the Laplace equation
solution for the velocity potential. To solve equa-
tion (5), it is necessary to set “initial’ field of ve-
locity in computational region at t = 0. For exam-
ple, before starting the calculation, you can set P =
0 in the entire computational domain fort = 0.
Numerical integration of equation (5) is carried out
on a rectangular grid. Function P is determined in
the center of the difference cells.

Differential scheme (Richardson’s method) for
numerical integration of the evolutional equation
(5) is written as:

) 2R + R
R =R +At—= szj -+

Pi,nj+l - 2Pi,nj + Pi,nj—l
+ At Ay2 =0

The unknown value of the velocity potential is
determined by the explicit running calculation
formula. The calculation is completed when the
following condition is fulfilled:

<g, (6)

n+1 n
Py - R

where ¢ — is a small number (e.g., € =0.001); n —
iteration number.

After determining the velocity potential field, the
components of the air velocity vector are calculated
at the sides of the computational cell using formulae:

_Ri R
I Ax
_Ri—-Ria
Vi A

This approach to compute velocity components
on the sides of computational cells allows con-
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structing a conservative difference scheme for the
mass transfer equation.

For practice, it is extremely important to repro-
duce the geometric form of the open pit mine. For
this, in the numerical model we used porosity
technique (‘markers’ method). The computational
domain is divided using a rectangular difference
grid (Figure 1). Using markers, we constructed
open pit mine boundaries. Using other markers, we
constructed the initial geometrical form of dust
cloud in open pit mine. Other markers were used to
construct the geometrical form of obstacle near
open pit mine. This technique for computational
region formation in numerical model allows to
change quickly this form during numerical experi-
ments. In Figure 1 the arrow indicates the wind
direction.

Fig. 1. Sketch of computational domain scheme:
1 —dust-gas cloud; 2 — obstacle (trees position)

The developed numerical model was coded us-
ing Fortran language.

Findings
Developed numerical model was used to com-
pute dust cloud movement in open pit mine.
To make all parameters dimensionless, we have
chosen the following scales [2]:
1) v,, is the wind velocity at the left boundary,

v, =8m/s;

2) L, mis the length of the computational
domain;

3) C,, ng'm-3 is the initial dust concentration

in the cloud for t =0.
The dimensionless parameters are calculated as
follows:

Dt=t,-v, /L, where t, istime,s;

2)C :Cp/C0 , Where C, is dust concentration,
pHg m-3;

3) L= Lp/I:X , Where L is length, m;

4) v=vp/vw, where vy is local wind velocity,

m/s.

The length of the computational domain is
L, =1 (dimensionless), the height of the computa-
tional domain is L, =1 (dimensionless). The initial
concentration of dust in the cloud is C =1 (dimen-
sionless) for t =0.

Figures 2-8 show dust concentration field for

different time after explosion in open mine. In Fig-
ures 2-8 the arrow indicates the wind direction.

Y

X

Fig. 2. Pollution zone: t=0.1 (time is dimensionless):
1-C=0.82; 2-C=0.88; 3—-C=0.94

~
172

(A
A

Y

A\
1))
2

Fig. 3. Pollution zone: t=10 (time is dimensionless):
1-C=0.67;2-C=0.73; 3—-C=0.81

0 X

Y

Fig. 4. Pollution zone: t=35 (time is dimensionless):
1-C=0.51; 2-C=0.59; 3— C=0.64
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X

Fig. 5. Pollution zone: t=48
(time is dimensionless):
1-C=0.42;2 - C=0.48; 3 - C=0.55

From Figures 2-5 we see deformation of dust
cloud form in open pit mine. This dust cloud is
expanding during the time as a result of atmospher-
ic diffusion action.

Figures 6-8 show dust concentration field for
different time after explosion in open mine but
when obstacle was introduced at one side of the
open pit mine.

Y

Fig. 6. Pollution zone: t=39
(time is dimensionless):
T — obstacle, 1 — C=0.48; 2 — C=0.56; 3 — C=0.61

.

Fig. 7. Pollution zone: t=48
(time is dimensionless):
T — obstacle, 1 — C=0.40; 2 — C=0.46; 3 — C=0.53

0

Fig. 8. Pollution zone: t=67 (time is dimensionless):
T — obstacle, 1 — C=0.32; 2 - C=0.41

Figures 6-8 illustrate the process of dust cloud
diffraction on the obstacle, the height of the
obstacle is L=0.2 (dimensionless). This obstacle
(see Figures 6-8, position T) simulates trees
position near the open pit mine [7].

Worthy of note that computational time was 5 s.

Originality and practical value

New numerical model was developed to predict
atmosphere pollution after blasts in open pit mines.
The model is based on equation of dust dispersion
in the atmosphere and equation for speed potential.
To solve governing equations difference schemes
of splitting were used. Proposed numerical model
can be used for predictive calculations to assess the
impact of explosions in open pit mines on the envi-
ronment.

Conclusions

In this paper an effective numerical model for
calculating the process of atmospheric pollution
after explosion in open pit mine was developed.
The model is based on the numerical integration of
the equation for the velocity potential and the Mar-
chuk equation. The difference schemes used have
logical simplicity and convenient for program-
ming. The calculation of the process of atmospher-
ic pollution on the basis of the developed numeri-
cal model requires about 5 seconds of computer
time. This allows to carry out serial calculations
within one working day. Further development of
this direction is associated with the creation of
a three-dimensional numerical model of the atmos-
pheric pollution process during explosion in open
pit mine.
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YUCEJBHE MOJEJTIOBAHHS 3ABPYTHEHHSI ATMOC®EPHOI'O
HHOBITPA I YAC PYXY ITMJIOBOI XMAPH B KAP’€PI

Merta. Bubyxu B kap’epax NpU3BOJSTH 10 yTBOPESHHS MMIOBUX XMap, sIKi IHTEHCHBHO 3a0pyJHIOIOTH aTMoc(e-
pHe ToBITpsi. MeToro 11iel poOoTH € Po3poOKa YUCETHHOT MOJIEINI [Tl TPOTHO3YBAHHS 3a0pyIHCHHS aTMOC(epH mic-
151 BUOYXy B Kap’epi. Taka uncenbpHa MO/IeNb TIOBHHHA ITij1 Yac PO3paxyHKy BPaxoBYBaTH reOMETpUUHY GopMy Kap'-
€py, apaMeTpH METEOPOJIOTIUHOT CUTyalil (IBUIKICTE BITPY, CTaH aTMocdepn), GopMy NHIOBOI XMapH, 110 yTBO-
proeThes B Kap’epi Ha michi BuOyxy. Metoanka. MaTteMaTHdHe MOJEIIOBAHHS PO3CIIOBAaHHS ITHIOBOI XMapH IIiJ|
gac BUOYXYy B Kap’epi IPYHTYEThCS Ha BUKOPUCTaHHI (yHIAMEHTAIBHUX PIBHSHB aepOIUHAMIKHA i MacOIepeHOCY.
[Tone mBMIKOCTI MOBITPSIHOTO ITOTOKY B Kap €pi MOJENIOETHCA 3a JOTIOMOTOI0 piBHAHHA Jlamaca ais moTeHmiary
mBuAKocTi. DopMyBaHHS KOHIICHTPAIIHHOTO IIONI Iy MOJENIOETHCS HA OCHOBI PIBHSAHHA KOHBEKTHBHO-
IuQy31HHOTO PO3CIFOBaHHA AOMIIIKH. J[JIs1 9UCETPHOTO iHTETPYBaHHS MOJCIIOBAILHIX PIBHAHD BUKOPHUCTAHO Pi3-
HuneBi cxemu. PiBHsHHA Jlamnaca anst moTeHmianmy IIBUAKOCTI YHCEIBHO IHTEIPYETHCS 32 JOIOMOTOI0 METOAY
Pivapncona. /lias 4YHCENBHOTO IHTETpyBaHHS pPIBHSHHS KOHBEKTHBHO-AM(Y31HHOTO pO3CIIOBaHHS JOMIIIKH
BUKOPHCTAHO HESBHY pI3HHUIIEBY cxeMmy posuieruieHHs. Pesyabrarn. Po3pobneno CFD — mozens, ska g03BOJISE
BUKOHATH PO3paxyHOK (opMyBaHHsS 30H 3a0pyqHEHHs M 4acy pyXy NMwiIoBoi xmapu B Kap’epi. OcoOuuBicTIO
PO3p0o0IICHOT MOJIEINI € MIBUIKICTh PO3paxyHKy. s 1i mpakTHYHOTO BUKOPHCTAHHS HEOOXiHA CTaHIapTHA BXiTHA
inpopmanis. HaykoBa nHoBu3Ha. Ha BigMiHy BiJ HasBHMX B YKpaiHi Mojeneil, po3poOieHa 4ucelbHa MOJENb
JIO3BOJIIE BPAaxOBYBAaTH IeoMeTpH4Hy (opMy Kap’epa il reomeTpudHy (OpMy MHIOBOT XMapu AJIS MPOBEACHHS
MPOTHO3HUX PO3PaxyHKiB 3 OLIHKK PiBHA 3a0pyMHEHHS aTMOC(EpHOrO TOBITPA IiJ 4Yac BHOYXIiB y Kap’ epax.
IIpakTuyna 3HaYNMicTb. Po3po0ieHa uncebHa MO MoXe OYTH IMIUIEMEHTOBaHa Ha KOMIT'FoTepax Maiol i cepen-
HBOI OTY>KHOCTI BUKOPHUCTAHHSAM CTaHAAPTHOI iH(popMaLlii Mpo MeTeOyMOBH B Kap’epi. L{ro Moenb MOKHA BUKOPHCTOBY-
BaTH JJIsI €KOJIOTIYHO] OIIHKY BIDIMBY BUOYXIB Y Kap’epi Ha 3a0pyIHEHHS HABKOJIHIITHHOTO CEPEOBHINA i pOOOUHX 30H.

Knrouogi crosa: munoBa xmapa; kap’ep; 3a0pyIHeHHS aTMOC(epH; YHCETbHE MOICITIOBAHHS
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YUCJIIEHHOE MOJAEJINPOBAHUME 3ATPASHEHUA ATMOC®EPHOI'O
BO3AYXA ITPU IBKYILEMCS IIBIJIEBOM OBJIAKE B KAPBEPE

Hesb. B3peIBBI B Kapbepax NPUBOIAT K 00Pa30BAHHIO MBIIEBBIX 00aKOB, KOTOPbIE HHTEHCHUBHO 3arpsi3HAIOT aTMO-
chepHbIiii Bo3ayX. Llenbto qanHON paboThI SBIIsIETCS pa3padOTKa YUCTICHHONW MOIEIH JJIs TPOTHO3UPOBAHMUS 3arps3HEHHS
aTMochepbl IMOCIIe B3PhIBa B Kapbepe. ITa YUCICHHAS MOJIE/Ib JOJDKHA IIPH PACUCTEe YUMTHIBATH TEOMETPHIECKYIO (hopmy
Kapbepa, mapaMeTpbl METEOPOJIOTUIECKON CUTYaITuK (CKOPOCTh BETPa, COCTOSIHUE atMocdeps), popMy MbLUIeBOTO 00a-
Ka, KOTOpoe 00pa3yercsi B Kapbepe Ha MecTe B3pbiBa. MeToauka. MareMaTiieckoe MOJICIIMPOBAHKUE PACCEUBAHMS TTbLIIC-
BOTrO O0JIaka IpH B3phIBE B Kapbhepe OCHOBBIBACTCS HA HCIIONB30BAHUH (DYHIAMEHTAIBLHBIX YPABHCHUH a3pOJINHAMUKA
1 MaccornepeHoca. [loje ckopocTH BO3IYIIHOIO MOTOKA B Kaphepe MOJICIUPYETCs C IIOMOIIBI0 ypaBHeHus Jlamiaca s
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HOTeHIHaa cKopocTH. PopMHUpoBaHNE KOHIICHTPAIMOHHOTO TTOJIS ITBUIM MOZAEIMPYETCsl Ha 0a3e ypaBHEHHsI KOHBEKTUB-
HO-M(y3MOHHOTO paccerBaHusl IpUMECH. J{JIsl YUCIIEHHOTO MHTErPUPOBAHMUSI MOJEIUPYIOIMX YPaBHEHHH HCIOJB30-
BaHBI Pa3HOCTHBIE CXEMBI. Y paBHeHHe Jlammaca a1 MOTeHIMana CKOPOCTH YUCICHHO HHTETPUPYETCSI C TTOMOIIBIO METO-
na Pruapncona. [l 4MCIEHHOTO MHTETPHPOBAHMS YPaBHEHHS KOHBEKTHBHO-IM(D(DY3HOHHOTO PACCEUBAHMSA HMPHMECH
HCTIONE30BaHa HesIBHAS PAa3HOCTHAS cxeMa paciiervieHus. Pesyabrarsl. Paspadorana CFD — Monens, KOTopasi To3BOIIS-
€T BBITIOJIHUTE pacdeT (pOpMHUPOBAaHMS 30H 3arpsA3HEHHS NPH IBIDKCHIH NBUIEBOTO oOnaka B Kapsepe. OCcOOCHHOCTBIO
pa3paboTaHHOH MozeNH ABIseTCs OBICTpOTA pacdeTa. [ e€ MpaKTHIEeCKOro HCIOIb30BaHU HEOOX0IMMa CTaHIapTHAS
BxozHas nHpopManus. Hayunasi HoBu3Ha. B oTiiume OT CyIIECTBYIOIINX B YKpauHe MoJene, pa3padoTaHHast Ync-
JIEHHast MOJIENb MO3BOJIIET YUUTHIBATH TEOMETPUUECKYIO (hOpMY Kapbhepa U TeOMETpUUecKyto (JopMy MBUIEBOTO OOJaKa
JULSL TIPOBEJICHHSI IPOTHO3HBIX PAacyeTOB IO OLIEHKE YPOBHS 3arpsi3HEHHsI aTMOC(EPHOTO BO3/IyXa IPH B3phIBaX B Kapbe-
pax. IIpakTuyeckasi 3HAYMMOCTb. Pa3paboTaHHas 4yncieHHas: MOJETb MOKET ObITh MMIUIEMEHTHPOBAaHA Ha KOMIIBIOTE-
pax MaJioi U cpelHel MOIHOCTHU C HCIOJIb30BaHHEM CTaHIapTHOW MH(POPMAIIHS O METEOYCIIOBHSX B Kapbepe. DTy Mo-
JIeTb MOYKHO HCTIOJB30BATh IS 9KOJIOIMYECKON OLICHKH BIIMSHUS B3PHIBOB B Kapbhepe Ha 3arpsi3HEHHE OKPY KalolleH cpe-
IIBI ¥ pab0OYMX 30H.
Kniouegvie cnosa: mpineBoe 001ako0; Kapbep; 3arps3HEHUE aTMOC(EPBI; YUCICHHOE MOJICITUPOBAHIE
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TECHNOLOGY FOR WATER PURIFICATION FROM RESIDUES OF
DRUGS AND PLASTIC

Purpose. The main purpose of the article is to develop a technology for water purification from residues of oil-
fat-cream containing drugs, in particular technology and a technological scheme for purifying urban (municipal)
wastewater from plastics and residues of drugs. Methodology. The studies were carried out based on the analysis of
scientific sources and reporting data on the availability of drugs and plastics in the water of Ukraine, European
countries, and the USA. Findings. The authors present the results of a comprehensive review of issues related to the
determination of the availability of drugs in various waters, their concentrations and the most dangerous drugs-
toxicants. Medicines and plastics can accumulate not only in humans and animals, but also in sea and river fish, etc.
The presence of drugs and plastic in the body can have a negative impact on the health. The treatment facilities in
Ukraine and the world are not sufficiently adapted for the detection of drugs and plastics and their purification.
Originality. The authors of this material conducted studies to determine the content of plastic in drinking tap water
in Dnipro and Zaporizhzhia cities. Drinking water from the tap contains less plastic particles than bottled water of
the famous Ukrainian trade brands. The work developed technological schemes for the purification of industrial
wastewater from pharmaceutical enterprises for the manufacture of creams, ointments, oils and other products for
treatment and cosmetic purposes. Structures and methods for purifying water from these pollutants have been pro-
posed, which had not been previously used at water purification stations, but successfully apply in other industries.
Practical value. The use of environmentally efficient technologies in Ukraine will allow obtaining high-quality
drinking water, but it will require re-equipment and reconstruction of water treatment plants. Major funding should
be provided by corresponding articles. Currently, in Ukraine (even in Kyiv) there are no stations for the purification
of drinking and waste waters, which would use modern technologies and facilities, but high-quality water is the
health and life of people.

Keywords: wastewater treatment; drinking water treatment; plastic in wastewater and drinking water; drugs in
wastewater; new sources of drinking water; technological scheme for water purification; concentration of hazardous
drugs in water

Introduction Monitoring water quality in various countries
of the world has shown that water is contaminated
with drugs and plastics to one degree or another,
but especially water is contaminated near all major
cities. Traces of drugs and plastic lead to the emer-
gence of unknown diseases. For a long time, it was
considered that after using the medications com-
pletely destroyed. It has now been established that
more than half of the drugs consumed leave the
body in a biologically active form, i.e. practically
do not lose their properties. In large quantities they
enter sewage and, from there, sources of drinking
water.

Today there is an intensive pollution of the
Earth and its waters with medical preparations and
plastic. In the course of research in recent years, a
large number of medical, veterinary drugs and
plastics have been found in many ecosystems of
the globe and even in such distant areas as the Arc-
tic and Antarctica.

In our opinion, if you do not take serious
measures, the harm from drugs may exceed their
benefits. It is necessary to switch to the production of
environmentally friendly medicines and to improve
the methods and technology of water purification.
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There are currently no treatment facilities that
can remove metabolites of drugs or other unregu-
lated pollutants, such as personal care products.
Metabolites of drugs are polar water-soluble sub-
stances, which are formed as a result of physical
and biochemical processes [13]. The chemical re-
actions of metabolites in the aquatic ecosystem are
still not fully understood. It should be borne in
mind that drugs are initially developed with high
biological activity, and, as a rule, they have high
resistance in the environment. Since in many cases
they are not biodegradable, even a low concentra-
tion of drugs and their metabolites can accumulate
in the body of people, animals and fish [15].

There are a large number of ways in which
drugs enter the surface waters. The main ones are:
wastewater from pharmaceutical plants, municipal
(municipal) treatment facilities, hospitals and land-
fills.

Today, the process of drug release into the en-
vironment through municipal wastewater treatment
plants is best studied. It was established that not
only the toilet, but also the bath and the washing
machine serve as a source of pollution of lakes,
rivers and oceans by flushing residual medicinal
creams, lotions, ointments and gels into the sewage
system [4]. The so-called active ingredients of
pharmaceutical ingredients fall into drains and po-
tentially pollute water and soil. Such substances
include steroids (for example, cortisone and testos-
terone), acne preparations and other drugs. It is
also noted that, in contrast to internal use, external
medicinal products washed with water contain
non-metabolizable drugs in their full form [8].

The concentration of drugs is different, but
generally small, but scientists are seriously con-
cerned about the possible consequences of pro-
longed use of even small doses of drugs with
drinking water.

The greatest danger from the presence of drugs
in water is that all these chemicals are consumed
together. Researchers do not know what effect
combinations of pharmaceuticals have on the body.

Purpose

The problem of drinking water quality worries
millions of people in Ukraine and the world, re-
gardless of the regions in which they live.

The purpose of this article is to analyze the
presence in Ukraine and the world of the residual
amount of drugs in water, as well as develop the
technology and provide a technological scheme for
purifying water from oil-fat-cream containing
drugs and, on the basis of global and personal ex-
perience, and also provide technology for cleaning
municipal wastewater.

Methodology

Wastewater from drug manufacturing plants are
formed [9]:

— in the preparation of raw materials;

— in technological processes of obtaining in-
termediate and finished products;

— at regeneration and utilization of solvents;

— at water purification of gas emissions;

— in the processes of filtration, extraction,
chemical cleaning of drugs;

— when washing equipment, etc.

Tables 1 and 2 show the amount of industrial
wastewater and their characteristics, which are
formed during the preparation of some common
medicinal preparations [9].

Findings

The highest contamination is characteristic of
uterine and concentrated solutions, the discharge of
which into the sewer system is unacceptable. In
particular, the concentrated solution formed during
the production of amidopirin is characterized by a
COD equal to 64000 mg/dm?, the dry residue is
40000 mg/dm?, the dilution threshold for the de-
struction of the color is 1: 250.

The nomenclature and quantity of products
produced by enterprises for the production of med-
icines, as a rule, are not constant, but change dur-
ing the year and even in a shorter period, therefore
it is impossible to determine the composition of
wastewater, which would be constant and charac-
teristic of the enterprise as a whole [9].

The analysis of the cost structure of wastewater
treatment once again confirmed the important con-
clusion that mechanical purification is to some ex-
tent the cheapest method, and therefore the most
profound wastewater treatment by mechanical
methods is always advisable [5].

This conclusion primarily requires that the
technology and equipment for the retention of me-
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chanical inclusions from wastewater provide the
maximum retention of coarse impurities to reduce
the dry mass of the raw sludge and, accordingly,
associated problems. (Pig. 1) For trapping fat, plas-
tic [11,12], pieces of fat, etc., we use
filtering machines — arc sieves, OSO centrifugal
sieves, flat screens, etc. [5].

The sizes of the filtering holes vary widely:
from 20 mm (gratings at pumping stations) to 0.07-
0.1 — 1.0 mm (arc sieves, screens, etc.). Slot-
shaped sieves with trapezoidal openings are in-
stalled on the strainers, which are not clogged by
suspended wastewater particles [5].

Table 1
Characteristics of wastewater of drugs production enterprises (common sewage)
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Table 2

Characteristics of wastewater of production enterprises of fat-containing substances (common sewage).

View pH Fat,. Glycerol, Petrol, BOD COD,
products mg /1 mg /| mg /| mgO2 / dm3 mgO2 / dm3
Oil extraction 7 200 180-300 1200 1500
Hydrogenation 5 100 200 250
Refining 9 20 000 40 000 50 000
Margarine 9 7000 1400 15 000
Mayonnaise 8 16 000 33000 38 000
Soap making 10 20 000 20 000 10 000 120 000
Glycerol and LCD 6 150 200 500 600
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As a result of purification of rainwater and in-
dustrial wastewater from petroleum products and
suspended solids, we [5] found that using pumping
equipment before sewage treatment plants leads to
emulsification of petroleum products in the com-
mon sewage volume, which increases the time of
their gravitational separation and, accordingly, to
clean the load on the filters. These findings can be
fully attributed to the purification of fat-oil-cream-
containing drugs. In addition, the presence of fat in
water reduces the solubility of oxygen, which ad-
versely affects the purification of water, especially
by biological methods.

Originality and practical value

Further, wastewater (Pig. 1) in the technologi-
cal chain is fed to an oil-fat-cream trap with coa-
lescent thin-layer blocks (Pig. 2 — photo). If
a conventional oil trap has a cleaning effect of
about 30-40% for separating lubricants, oils, petro-
leum and petroleum products, the proposed oil-fat-
cream trap already has a cleaning effect of about
60-75%. This was confirmed by laboratory (pilot)
tests in which animal fats, petroleum jelly, coolant,
oil products, and other hydrophobic substances
were used as wastewater pollutants.

Wastewater supply

v

Strainers

(arc screen, OSO screen and others.)

v

Sunk faction

Sludge - for disposal

on asphalt concrete plant

Oily fat-cremo trap

q_‘with coalition thin layers

in blocks E=70%

Additive reagents (coagulants,
flocculants, regulators, pH,

oxidizers H,0,and others.)

Pressure tank (saturator)

v

E=80-90%

Installation of pressure flotation

v

v

Plastic, sand, grease,
cream and others

Pop up faction

Ointments, oils, creams,
fats and others

v

Sludge - for disposal
on asphalt concrete plant
and others

N

Purified water

Foam product

v

Multi-camera installation
impellant flotation
E=70%

—

Foam product

v

Purified water

Pic. 1. Technological scheme of industrial wastewater treatment from
oil-fat-cream-containing drugs (proposed)
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Pic. 2. Oil-fat-cream trap with thin-layer
coalescent blocks

One of the effective methods of wastewater
treatment from hydrophobic contaminants, includ-
ing oils, esters, petroleum products and other sub-
stances is PCM - flotation (physico-chemical
method) with dispersed air and gas bubbles [5].
The result of this process in different conditions
depends on the size of the air bubbles: with a de-
crease in their diameter, the cleaning efficiency
increases.

There are several types of flotation. The most
common is the method of pressure flotation, in
which fine air bubbles are formed due to changes
in the partial pressure of the water-air solution ob-
tained by pre-saturation of water with air under
pressure of 4-5 atm. This method is considered to
be the most effective, as it provides a fairly stable
dispersed composition of air bubbles, but it also
has its drawbacks.

Another method is impeller flotation, in which
the dispersion of air is carried out with the help of
an impeller. The air is drawn from the atmosphere
into the zone of its action and is crushed into small
bubbles. Many designs of impeller dispersants are
known, but the designs in which the impeller ro-
tates inside the stator are most interesting.

Impeller flotation has found wide use of miner-
als, in the field of wastewater treatment, the use of
this method is still limited. Research on the use of
impeller flotation to extract fat from wastewater
generated during the washing of wool was con-
ducted at the «NIl VODGEO» (integrated scien-
tific research and design and technological institute

of water supply, sewerage, hydrotechnical struc-
tures and engineering hydrogeology) [5]. The ef-
fect of fat extraction reache 94% with a duration of
treatment of 1 hour. Due to the high content of sur-
factants (soaps, fatty acids) in wool-rich water, up
to 87% of water can be transferred to the froth
product.

The studies of the application of this method
for sewage treatment of meat processing plants are
known [18].

It is noted that in the two-chamber flotation
machine M6 (Mekhanobr developer), with the du-
ration of wastewater treatment for 15 minutes, the
effect of water purification from fat reached 70%,
by suspended substances — 64%.

Extensive studies of the application of this
method for the treatment of wastewater of fish fac-
tories were conducted at the Petersburg University
of Civil Engineering, a high degree of extraction of
fats (99%) and suspended substances (86.5%) was
established.

In all these works, studies were carried out on
flotation machines manufactured by industry for
the enrichment of mineral resources.

Thus, in our technological scheme we use flota-
tion units of two types — pressure and impeller. To
improve the efficiency of flotation treatment of
industrial wastewater after pharmaceutical compa-
nies, we recommend the addition of various rea-
gents:

— pH regulators, determined experimentally;

— coagulants and flocculants — for the for-
mation of hydrophobic complexes in order to in-
crease the efficiency of the process, determined
experimentally;

— oxidizers (for example, hydrogen peroxide
H202), which contribute to the oxidation of many
drugs [4]; the concentration of the dosage of the
reagent is determined experimentally.

Our industrial tests at a railway enterprise for
deep cleaning of oily waste water using 2-stage
flotation (pressure and impeller) with additional
treatment on filters with urethane foam (1st stage)
and on adsorption filters (stage 2), allowed reduce
the oil content from 20,000 to 0.05 mg/dm? [5].

As noted above, our and foreign municipal
(city) wastewater treatment plants do not have fa-
cilities for separating and treating water from plas-
tic and residues of drugs. We have attempted to
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develop a technology and technological scheme for
the treatment of municipal (urban) wastewater
treatment (Pig. 3) and drinking water (Pig. 4) for the
population from the above-mentioned pollution.

For the separation of coarse contaminants in
wastewater, the stations have standard gratings of
various designs with openings no more than 16
mm, in other countries the openings size was
changed to a smaller one (about 6-10 mm). At the
same time, the size of the plastic coming with wa-
ter for cleaning can be as a human hair [5].

The authors of this material conducted studies
to determine the content of plastic in drinking tap
water in the cities of the Dnipro and Zaporizhia.
For example, drinking water from the tap contains
from 4 to 10 particles of plastic per liter of water,
the size of which exceeds 100 microns, that is, the
average thickness of a human hair. And in bottled
water of well-known trademarks «Morshinskay
and «<BUVETTE» contains from 49 to 102 parti-
cles of plastic per liter of water [5].

We propose, after gratings, to put vibrating or
inertial screens on which slit-like sieves with hole
sizes from 0.07 to 0.25 mm will stand. Such slotted
sieves will be able to trap not only plastic, but also
coarse sand. In order to save electricity, instead of
vibrating or inertial screens, fixed [2, 11] arc sieves
can be installed (Pic.5).

We propose to place vibrating or inertial
screens after the gratings, on which slit-like sieves
with hole sizes from 0.07 to 0.25 mm should stand.
Such sieves are capable of not only plastic, but
also coarse sand. In order to save electricity, in-
stead of vibrating or inertial screens, fixed [2,11]
arc sieves can be installed (Pig. 5).

Slit screen stainless steel screens are used as
flat maps, arc screens and centrifuges for dewater-
ing, filtration washing, drying and sorting of vari-
ous bulk and lump materials. They are used in the
mining, chemical and food industries [17]. They
are made of profiled trapezoidal grates, arranged in
parallel on the transverse stiffening ribs or on the
connecting pins. Stainless steel grade 12 x 18H10T
or its analogues are used as the material. The slot
size varies from 0.07 to 20 mm.

The company «ROTO-SIEVE» (Sweden) pro-
duces rotating sieves for pre-treatment of
wastewater. This equipment has been successfully
used in many countries [16].

Receiving cameras

v

Standard Grilles

Container bin

v

T v

Vibrating screen with
slit screens for
plastic trapping 20,1 mm

: ” oecveline
Plastic For recycling

v

Sand traps Hydrocyclone
Feed preaerators
oxidizing agents O and H.,0, Sand bunker

v

Primary septic tanks

K—

Aero tanks

<—
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<—
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<—
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v
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Pic 3. Technological scheme
of purification of municipal (urban)
waste waters from residues
of drugs and plastics (proposed)
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[Tozaua Boje! Ha

pump station

Pic. 4. Technological scheme of purification
of drinking water from the residues
of drugs and plastic (proposed)

For the purification of waste and drinking water
from the remnants of medicines we have chosen
chemical methods [4, 8, 12]. Chemical water puri-
fication is used in cases where the release of con-
taminants, including drugs, is possible only as
a result of a chemical reaction between the impuri-
ty (drug) and the reagent, with the formation of
new substances that are easily removed from the
water. For such purification, oxidation reactions
are used, transfer of harmful impurities into harm-
less ones, neutralization by the ozonation method
[4, 3].

Pic. 5. Arc sieve:
1 — welded closed box; 2 — semi-cylindrical slit sieve;
3 — loading opening, 4 — metal sheet, to regulate the size of the
loading slot; 5 — screws for adjusting the gap;
6 — support from the corners; 7 — wooden wedges.

The redox potential of ozone is higher than that
of oxygen and chlorine, as a result of which it has
a higher oxidative and bactericidal effect. It should
be noted that water treatment with ozone or ultra-
violet rays almost completely supplanted chlorina-
tion at water treatment plants in many countries of
Western Europe (Switzerland, France, Norway,
etc.) [12]. In Ukraine, the use of these environmen-
tally efficient technologies is limited due to the
significant cost of retooling and reconstruction of
water treatment plants, but this must be done.

Ozonation includes both direct oxidation of or-
ganic compounds or disinfection with ozone dis-
solved in water, and oxidative processes involving
hydroxyl radicals resulting from chemical trans-
formations of salts. It is the latest processes that
are considered as new oxidation technologies. At
the same time, if the standard ozone reduction po-
tential is 2.07 V, then for hydroxyl radicals this
indicator reaches 2.8 V [8].

The formation of hydroxyl radicals as a result
of the transformation of ozone in an aqueous me-
dium increases in the presence of hydrogen perox-
ide, catalysts, activated carbon, when ozonation is
combined with ultraviolet radiation and ultrasonic
treatment [8].
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Conclusions

Currently, there is intense pollution of the
Earth’s waters with medicines and plastics. In the
course of research in recent years, a large number
of medical and veterinary drugs and plastics have
been found in many ecosystems of the globe and
even in such remote areas as the Arctic and Ant-
arctica.

Scientists from all over the world have discov-
ered various groups of drugs in rivers, lakes and
deep aquifers:

— antibiotics;
anti-inflammatory drugs;

— steroid hormones;
- contraceptives;

—cardiovascular drugs;

—antiepileptic drugs;

—drugs for weight loss and obesity fight;

—highly toxic anticancer drugs;

—cosmetics and perfumery products;

—antidepressants, psychotropic, sleeping pills;

— contrast agents used in x-ray diagnostic;

— antifungal agents.

Another environmental threat on a global scale
is the presence of plastic in various waters, includ-
ing drinking and waste waters.

There are two ways to solve these problems:

» The first is the creation of environmentally
friendly medicines, the creation of biodegradable
plastics or the prohibition of their manufacture;

» the second — the improvement of existing and
the creation of new effective methods, technolo-
gies and technological schemes for the purification
of water from medical preparations and plastics.

We have developed a technology, facilities and
a technological scheme for the purification of in-
dustrial waste pharmaceutical enterprises from oil-
fat-cream containing drugs and plastics. This tech-
nology uses high-performance mechanical cleaning
facilities — oil-fat-cream trap with coalescent thin-
layer blocks and 2-step flotation cleaning — with
pressure and impeller flotation cells (physical and
chemical cleaning).

For trapping plastic in all enterprises where
wastewater and drinking water are treated, we pro-
pose constructions — strainers (vibrating and iner-
tial screens, arc screens, etc.) with a hole diameter
from 0.07 to 0.25 mm in slit-shaped screens.

To purify water from residues of drugs at mu-
nicipal stations for the preparation of drinking wa-
ter and wastewater treatment, technologies have
been developed using chemical methods (ozone
and hydrogen peroxide).

The use of these environmentally efficient
technologies in Ukraine will allow obtaining high-
quality drinking water, but will require re-
equipment and reconstruction of water treatment
plants.
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TEXHOJIOI'TA OYUIIEHHA BOAU BI/Jl 3AJIMIIKIB JIIKAPCHBKHUX
HPEITAPATIB TA IIVIACTUKY

Meta. OcHOBHA MeTa CTaTTi — PO3POOHTH TEXHOJIOTIIO OYUIICHHS BOJIU BiJl 3aJUIIKIB MacllO-XKHPO-KPEM BMic-
HUX JIIKiB, 30KpeMa TEXHOJIOTIF0 OYHIIEHHS MiChKUX (MYHIIMIAIBHUX) CTIYHUX BOJ| BiJ{ IUIACTHKY 1 3QJIMIIKIB Ji-
KapchbKuXx npenapariB. Meroanka. JlociipkeHHs] BUKOHaHI HA MiJICTaBi aHaJi3y HAYKOBUX JDKEpeEJI i 3BITHUX JaHUX
PO HASIBHICTH JIIKIB 1 IUIACTHKY Y BoJax YKpaiHu, eBponelchkux kpaiHax, CILIA. Pe3yabraTn. ABTOpH IpencTaB-
JSIFOTH PE3YJIbTATH KOMIUIEKCHOTO PO3IIISAY NMHUTaHb, OB S3aHNX 13 BU3HAYCHHSIM HAsBHOCTI JIIKIB Y Pi3HUX BOAAX,
X KOHIIEHTpaIIii i Hail01IBII HeOE3MEeUHNX JTIKApChKUX MPETapaTiB-TOKCUKAHTIB. MeIKaMeHTH H MIaCTHK MOXYTh
HAKOTIMYIYBAaTHCA HE TIIBKHU B OPTaHi3Mi JIoAeH 1 TBapHH, a § y MOPCHKIH 1 piukoBii pubi i T. 1. IIpucyTHICTH B Op-
TaHi3Mi JIKiB 1 IJIACTHKY HETaTHBHO BIUIMBAE Ha 370poB’s. OUHCHI copyan YKpaiHU Ta CBITY HEJOCTATHBO IPH-
CTOCOBaHI JUISI BUSIBICHHS y BOJI JIKiB 1 TNIACTHKY, 1i ounmeHHs. HaykoBa HOBM3HA. ABTOPH Ii€i CTaTTi MPOBEIH
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JIOCTIKCHHS 3 BU3HAUYCHHS BMICTY IUTACTHKY B IUTHIN BOAONPOBiAHIN Boai MicT duinpa i 3anopixoks. [Tutaa Boma
3-TIi1 KpaHa MICTHTh MEHIIIE YaCTHHOK IUIACTUKY, HiXK OYTHJIOBaHA BOJA BiIOMUX YKPaiHCHKHX TOPTOBHUX OpPEHIIB.
Po3pobmnenHi TEXHONOTIYHI CXEMH 3 OYHWIIECHHS CTIYHHX BOJ (apMareBTHYHHX MIAMPHEMCTB i3 BUTOTOBICHHS
KpeMiB, Ma3el, Macel Ta 1HIIOi MPOAYKINT A JTIKyBaHHS i KOCMETHYHUX HUTeH. 3allponOHOBAHO CIIOPYIH i METO-
I T OYWIICHHS BOJ BiJ 3a3HAYEHUX, 3a0pyIHEHb, SKi HE BUKOPHCTOBYBAIN PaHIIIe HA CTAHISIX OYHCTKU BOJ,
ajie yCITIIHO 3aCTOCOBYIOTh B IHIIMX raiy3sx npomucioBocTi. [IpakTuyna 3HauMMicTs. 3acTocyBaHHS B YKpaiHi
€KOJIOTIYHO e()eKTHBHUX TEXHOJIOTIH JO03BOJHUTH OTPUMYBATH BHCOKOSKICHY NMUTHY BOJY, IPOTE€ BUMArae mepeoo-
JaJHAHHS ¥ PEKOHCTPYKIIT BOJOOYMCHHUX CTaHLiN. J{Js 11boro moTpiOHO mepen0oaynTy BiAMOBIHI CTATTI 32 OCHOB-
HUM (biHaHCYBaHHAM. Y Hall 4ac B YKpaiHi (HaBiTh y KueBi) HeMae cTaHIil 3 OUMILEHHS MUTHOI i CTIYHUX BOJ, Ha
SIKHX OM BUKOPHUCTOBYBAJINCH Cy4acHI TEXHOJIOTII 1 COPY/IH, aJle X SIKiCHa BoJa — L€ 3I0POB’S 1 )KUTTS JIIOACH.

Knrouoei cnosa: ounIeHHs CTIYHUX BOM; OYHIICHHS MATHOI BOAW; IUTACTHK y CTIYHIA Ta MUTHIA BOJAAX; JIKH
B CTIYHHUX BOJaX; HOBI JDKepela IMUTHOI BOJIM; TEXHOJIOTIYHA CXeMa 3 OYMIICHHS BOJ;, KOHIICHTpAIlisl HeOe3MeTHIX
JKiB y BOJI
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TEXHOJOI'USA OYUCTKHU BOJAbI OT OCTATKOB
JIEKAPCTBEHHBIX ITPEITAPATOB U IIVTACTHUKA

Heab. OcHOBHas LieNb CTaTbU — pa3paboTaTh TEXHOJIOTMIO OYUCTKH BOABI OT OCTAaTKOB Macllo-KHPO-KpPEM CO-
JACpIKaIUX JICKapCTB, B YaCTHOCTU TCXHOJIOTUIO OUUCTKU T'OPOACKUX (MyHI/IIlI/IHaJ'ILHI)IX) CTOYHBIX BOJ OT IINIaCTHUKaA
1 OCTATKOB JICKAPCTBECHHBIX MPEIapaToB. MeTonmca. I/ICCJ'ICI[OBaHI/IH BBITNTOJTHCHBI HA OCHOBAHUHN aHaJIN3a HAYyYHBIX
HMCTOYHUKOB U OTUETHBIX JIAHHBIX O HAJIMYHH JIEKAPCTB U TUIACTUKA B BOJIe Y KpawHbl, eBponeickux crpanax, CIIIA.
PesyabTarhl. ABTOpBI IPEACTABIIAIOT PE3YNIBTAaThl KOMIUIEKCHOTO PACCMOTPEHUSI BOIPOCOB, CBA3AHHBIX C ONpene-
JICHWEeM HaJIM4Us JISKApCTB B Pa3JIMUHbBIX BOJAaX, MX KOHIIEHTpauuii 1 HanboJiee ONacHBIX JISKApCTBEHHBIX Ipernapa-
TOB-TOKCUKAHTOB. MeIMKaMEHThI U INIACTUK MOT'YT HAKAIJIUBATHCS HE TOJBKO B OPraHU3Me JIIOJEH U JKUBOTHBIX, HO
U B MOPCKOH M peuHo# prioe u T. 1. [IpucyTcTBHe B OpraHu3Me JeKapcTB U IUIACTHKA OKa3bIBA€T HEIraTUBHOE BIIHS-
HHE Ha 370poBbe. OUNCTHBIE COOPYXEHUsI YKpPaWHbl U MHpa HEAOCTATOYHO NMPHUCIOCOOIECHBI Ul 0OHApYKEHUS
B BOJIE JIEKapCTB U IUIACTHKA, €€ ouncTky. HayyHasi HOBH3HA. ABTOPBI 3TOM CTAThU MPOBEIU UCCIEIOBAHUS IO
OTIPE/ICITICHUIO COAEPKaHUs IUIACTHKA B MMUTHEBOI BOAOMPOBOAHOI Boje roponoB JlHenpa u 3anopoxes. B nutse-
BOI BOJIC MU3-IIOJ KpaHa COACPKUTCA MEHBUIC YaCTHUI] IJIaCTHKa, YE€M B 6yTHHHpOBaHHOﬁ BOJI€ U3BECTHBLIX YKpaWH-
CKHX TOPTOBBIX 6peHJj[OB. Pa3pa60TaH1>1 TCXHOJIOTHYCCKUEC CXCMBI IO OYHMCTKEC CTOYHBIX BO/J (bapMaI_leBTI/ILIeCKI/IX
HNPEANPUATHH 110 U3TOTOBJICHUIO KPEMOB, Ma3eil, Macenl U JpYrod MpOAYKIMM JUlsl JICYEHHUS U KOCMETHYECKUX Iie-
JIeit. Hpe[[J'IO)KeHbI COOPYXKCHHUA U METOABI IJIsI OYUCTKHU BOJ OT YKa3aHHBIX SanHSHeHHﬁ, KOTOPBIC HE MCII0JIb30Ba-
JIM paHCC Ha CTaHOUAX OYUCTKHU BOJ, HO YCHCIIHO MNPUMEHAIOT B APYrux OTpacidX IM[MPOMBIIIJICHHOCTH.
IIpakTHyeckas 3HAYMMOCTb. [IprMeHeHe B YKpanHe 3K0JI0THIECKH 3((HEKTUBHBIX TEXHOJIOTHH MO3BOJIUT IOy~
YaTh BHICOKOKaYECTBEHHYIO ITUTHEBYIO BOJLY, OJJHAKO TOTpeOyeT 1epeo0opyA0BaHuUs U PEKOHCTPYKIIUH BOJAOOUNCT-
HBIX CTaHIMHA. [ 3TOro HY>KHO NPEIyCMOTPETh COOTBETCTBYIOUIME CTAThH 10 OCHOBHOMY (DMHAHCHPOBAHHIO.
B nacrosimee Bpemst B YkpanHe (nake B Kuee) HeT CTaHIMIA 110 OYMCTKE MUTHEBOM M CTOYHBIX BOA, HAa KOTOPBIX
OBl NCIIOJIL30BAJIMCH COBPEMEHHbIE TEXHOJIOTHH U COOPY)KEHHS, a BE/Ib KaUeCTBEHHAsl BOJIa — 3TO 3/J0POBbE U JKU3Hb
JIIOJIEH.

Kniouegvle cnoea: 0UUCTKAa CTOYHBIX BOJ; OYMCTKA MUTHEBOM BOJbI; IUIACTUK B CTOYHOW M MMTHEBOM BOJE; Je-
KapCTBa B CTOYHBIX BOAAX; HOBbBIC HCTOYHHUKH MUTHBEBOM BOABI, TEXHOJIOTHUYCCKAA CXE€Ma 110 OYUCTKEC BOABI, KOHIICH-
Tpanus OMMaCHBIX JICKAPCTB B BOAC

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/176517 © L. F. Dolina, P. B. Mashykhina, D. A. Dolina, 2019

35


http://creativecommons.org/licenses/by/4.0/
1
Выделение


ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

EKOJIOI'A TA ITIPOMUCJIOBA BE3IIEKA

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCE

Barenboym, G. M., & Chiganova, M. A. (2015). Zagryaznenie prirodnykh vod lekarstvami. Moscow: Nau-
ka. (in Russian)

Bedran, N. G. (1980). Mashiny dlya obogashcheniya poleznykh iskopaemykh: uchebnoe posobie dlya
vuzov. Kiev; Donetsk: Vishcha shkola. (in Russian)

Korzh, E. O., Klymenko, N. A., Smolin, S. K., & Reshetnyak, L. R. (2016). Biosorption of procaine on bio-
logically active carbon. Journal of Water Chemistry and Technology, 38(5), 519-530. (in Russian)

Dolina, L. F., & Savina, O. P. (2018). Water cleaning from residues of medicinal preparations. Science and
Transport Progress, 3(75), 36-51. doi: http://doi.org/10.15802/stp2018/134675 (in Russian)

Dolina, L. F., Savina, O. P. & Dolina D. A. (2019). Cleaning water from plastic. Science and Transport
Progress, 2(80), 27-40. doi: http://doi.org/10.15802/stp2019/166628 (in Russian)

Korzh, Y. A., Smolin, S. K., & Klimenko, N. A. (2016). Kinetika adsorbtsii farmatsevticheskikh vesh-
chestv iz vodnykh rastvorov na aktivnykh uglyakh. Journal of Water Chemistry and Technology, 38(4),
342-353. (in Russian)

Kofman, V. Y. (2013). New advanced oxidation technologies of water and wastewater treatment. Pt. 2: for-
eign publications review. Water Supply and Sanitary Technique, 11, 70-77. (in Russian)

Livshits, V. (n.d.). Lekarstva kak ekologicheskaya problema. Proza.ru. Retrieved from
http://proza.ru/2013/02/27/1830 (in Russian)

Polulyakh, A. D., Pilov, P. 1., Yegurnov, A. I., & Polulyakh. D. A. (2012). Tekhnologo-ekologicheskiy in-
zhiniring pri obogashchenii poleznykh iskopaemykh: Uchebnoe posobie. Dnepropetrovsk: Gosudarstven-
noe vysshee uchebnoe zavedenie «Natsionalnyy gornyy universitet». (in Russian)

Farmatsevticheskie sredstva v pitevoy vode (n.d.). World Health Organization. Retrieved from
http://www.who.int/water_sanitation_health/emerging/info_sheet_pharmaceuticals/ru/ (in Russian)
Shpakov, A. (1999, June 26). Antibiotiki i steroidy otravlyayut stochnye vody: Smert iz kanalizatsii. Kom-
mersant. Retrieved from https://www.kommersant.ru/doc/220792 (in Russian)

Browne, M. A., Crump, P., Niven, S. J., Teuten, E., Tonkin, A., Galloway, T., & Thompson, R. (2011).
Accumulation of Microplastic on Shorelines Woldwide: Sources and Sinks. Environmental Science &
Technology, 45(21), 9175-9179. doi: http://doi.org/10.1021/es201811s (in English)

Boxall, A. B. A. (2004). The environmental side effects of medication. EMBO Reports, 5(12), 1110-1116.
doi: http://doi.org/10.1038/sj.embor.7400307 (in English)

Desbiolles, F., Malleret, L., Tiliacos, C., Wong-Wah-Chung, P., & Laffont-Schwaob, I. (2018). Occurrence
and ecotoxicological assessment of pharmaceuticals: Is there a risk for the Mediterranean aquatic environ-
ment? Science of the Total Environment, 639, 1334-1348.
doi: http://doi.org/10.1016/j.scitotenv.2018.04.351 (in English)

Sharma, S., & Chatterjee, S. (2017). Microplastic pollution, a threat to marine ecosystem and human
health: a short review. Environmental Science and Pollution Research, 24(27), 21530-21547.
doi: http://doi.org/10.1007/s11356-017-9910-8 (in English)

Bustillo-Lecompte, C. F., & Mehrvar, M. (2017). Slaughterhouse wastewater: treatment, management and
resource recovery. In R. Farooq, Z. Ahmad (Eds.), Physico-Chemical Wastewater Treatment and Resource
Recovery. Rijeka, Croatia: InTech Open Access Publisher (pp. 153-174). doi: http://doi.org/10.5772/65499
Sumpter, J. P. (2010). Pharmaceuticals in the Environment: Moving from a Problem to a Solution. In K.
Kummerer, & M. Hempel (Eds.), Green and Sustainable Pharmacy (pp. 11-22). Berlin: Springer-Verlag.
(in English)

Dolina, L. F., Mashykhina, P. B., Karpo, A. A., & Mishchenko, A. A. (2017). Waters reality in Ukraine
worldwide. Science and Transport Progress, 5(71), 7-18. doi: http://doi.org/10.15802/stp2017/113695 (in
English)

Received: March14, 2019
Accepted: July 17, 2019

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/176517 © L. F. Dolina, P. B. Mashykhina, D. A. Dolina, 2019

36


http://creativecommons.org/licenses/by/4.0/
https://www.researchgate.net/profile/Ciro_Bustillo-Lecompte
1
Выделение


ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tTpancrnopty. BicHuk J{HIIpOneTpoBCbKOro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

EKOJIOI'I TA IIPOMUCJIOBA BE3IIEKA

UDC 628.35

A.Y.OLEYNIK!, T.S. AIRAPETIAN?, S. M. KURGANSKA?

Unstitute of Hydromechanics of the NAS of Ukraine, Zheliabov St., 8/4, Kyiv, Ukraine, 03057, tel. +38 (050) 559 72 89,

+38 (044) 459 65 10, e-mail Oleynik2019Al@gmail.com, ORCID 0000-0002-9110-1709

2Dep. «Water Supply, Sewerage and Purification of Waters», O. M. Beketov National University of Urban Economy in Kharkiv,
Marshal Bazhanov St., 17, Kharkiv, Ukraine, 61002, tel. +38 (057) 707 33 40, +38 (057) 707 31 06,

e-mail Tamara.Ayrapetyan@kname.edu.ua, ORCID 0000-0002-8834-5622

%Institute of Hydromechanics of the NAS of Ukraine, Zheliabov St., 8/4, Kyiv, Ukraine, 03057, tel. +38 (063) 917 87 84,

e-mail kurganska@ukr.net, ORCID 0000-0002-7593-6458

EVALUATION OF THE PERFORMANCE OF AEROTANKS DUE TO
ADD-ON ATTACHED BIOCENOSIS

Purpose. The research involves the implementation of comparative calculations to evaluate the performance of
aerotanks with add-on attached biocenosis (biofilm). Methodology. For improving the performance of the aerotanks
due to the introduction of an additional load with attached biocenosis (biofilm), the authors constructed the mathe-
matical models that consider the simultaneous oxidation of organic pollutants with suspended and attached bioceno-
sis. Based on these models, the methods were developed for calculating clarification parameters. The authors per-
formed evaluation of the influence of various clarification factors in aerotanks. They proved that the clarification
intensity is increased due to additional elements with the attached biocenosis. Herewith, possible technological and
structural schemes of aerotanks were considered, when the loading elements (nozzles, screens, etc.) are located
throughout the whole volume or more densely and compactly only in its individual sections. Findings. The parame-
ters of effluent clarification from organic pollution in the aerotanks are determined using numerical methods. The
graphs show the significant performance of aerotanks due to the introduction of the additional load with the attached
biocenosis (biofilm). The calculations of the effect of additional loading on the performance of complete-mix aero-
tanks and continuous-flow aerotanks show that the use of immobilized biocenosis can improve the quality of remov-
al of organic pollutants by 2-5 times. Originality. The authors substantiated scientifically the influence of various
factors of wastewater treatment in aerotanks, the efficiency of which is increased due to additional elements with the
attached biocenosis. Practical value. The introduction of research results in wastewater treatment plants can signifi-
cantly improve the quality of the removal of organic pollutants by biological methods. The implementation of the
calculation methods for the proposed dependencies makes it possible to more fully and reasonably take into account
important processes that significantly affect the utilization of organic pollutants and the efficiency of the aerotanks
with the additional involvement of wastewater treatment by the attached biocenosis.

Keywords: aerotanks-reactors; attached biocenosis (biomass); biofilm, active sludge; clarification reactions

Introduction stations in aerotanks [1, 2, 4, 5, 12]. However, the
existing conventional biological purification tech-
nology is characterized by inadequate efficiency
(especially for the removal of phosphorus com-
pounds) and is not always able to meet the set
norms [3, 7, 14, 16, 19, 23].

Therefore, in wastewater treatment plants,
where biological treatment of effluent is carried
out according to the traditional scheme, the im-
portant practical tasks are the issues of improve-
ment of existing technologies of wastewater treat-
ment on the basis of these structures, increase of
their efficiency.

In general, the following solutions are used to
improve the efficiency of aerotanks: the creation of
sites with aerobic and anaerobic conditions of oxi-

Among the most important environmental
problems of the present day, the issue of protecting
natural sources of water supply is of paramount
importance. The discharging of raw and insuffi-
ciently treated wastewater in the surface water res-
ervoirs constantly worsens their condition; these
sources of pollution, as a rule, contain compounds
of nitrogen and phosphorus. Therefore, deep puri-
fication of wastewater is one of the most important
problems for today.

The accumulated experience and scientific re-
search of many generations of specialists prove the
priority of biological methods of purification. To-
day, the majority of wastewater, which is dis-
charged in a centralized way, is cleared at aeration
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dation [2, 13, 21], the use of uneven dispersed ef-
fluent intake [2], the supply of technical oxygen [2,
15], the addition of reagent preparations [2, 15],
etc. It is clear that the improvement of structures
and technologies is delayed by economic factors.
Also currently, the widely used effluent clarifica-
tion method has become the process of simultane-
ous removal of organic pollutants (OP) and nitro-
gen by suspended and attached biocenosis [20, 22].
By their activity immobilized biocenosis consider-
ably exceed the oxidation capacity of suspended
active sludge.

In this case, the loading elements (nozzles,
screens, etc.) can be located throughout the volume
of the aerotanks or more densely and compactly
only in its individual sections.

However, the possibility of evaluating the effi-
ciency of aerotank due to add-on elements with
attached biocenosis (biofilm) requires more com-
plete and advanced mathematical models. Models
that will take into account the processes of simul-
taneous oxidation of OP by suspended and at-
tached biocenosis will allow to reasonably estimate
the influence of various factors of purification in
aerotanks. These processes are associated with the
formation of a biofilm of different thickness and
structure on the surface of the additional loading
(screen) in the aerotank volume [13, 21].

The parameters of wastewater treatment, de-
termined by numerical methods, taking into ac-
count the influence of various purification factors
will give an opportunity to obtain reliable results.
Based on the results obtained, it is possible to
evaluate the effectiveness of the aerotanks through
the introduction of additional elements with the
attached biocenosis (biofilm).

Purpose

The main purpose is to carry out calculations
and obtain a comparative assessment of the effi-
ciency of complete-mix aerotanks and continuous-
flow aeration tanks. Herewith wastewater is treated
due to the additional arrangement in their volume
of loading with the attached biocenosis (biomass)
in the form of a biofilm with a high concentration
of microorganisms.

To achieve this purpose, the following tasks
need to be addressed:

— Provide calculation dependencies and math-
ematical models that allow estimating the influence

of various factors on the simultaneous removal of
organic pollutants (OP) with suspended and at-
tached biocenosis in aerotanks of various
structures, namely in complete-mix aerotanks and
continuous-flow aeration tanks;

—On the basis of the proposed models and
methods of calculation, to conduct an analysis and
evaluation of the influence of the main factors, to
identify the parameters of supply of the required
amount of oxygen to the place of reaction and the
disposal of OP;

— To consider the specific examples for differ-
ent process flow schemes of the location of the
attached biomass reactor and to provide compara-
tive results of studies of simultaneous OP purifica-
tion;

— To substantiate the increased efficiency of ef-
fluent clarification due to the arrangement of the
attached biocenosis in the volume of the aerotanks.

Methodology

Mathematical models were constructed and
methods for calculating the parameters of purifica-
tion [6, 7, 11, 17, 18] were developed for the esti-
mation and analysis of the simultaneous removal
of organic pollutants (OP) with suspended and at-
tached biocenosis in aerotanks of various struc-
tures. In this case, for various hydrodynamic
schemes of aerotanks, namely complete-mix aero-
tanks and continuous-flow aeration tanks. The spe-
cific examples showed and substantiated a signifi-
cant increase in the efficiency of purification due
to the add-on attached biocenosis.

First, let us consider the most advisable from
the practical point of view technological scheme of
a complete-mix aerotank, which consists of two
parts (reactors 1 and 2) [7]. In reactor 1, the OP is
removed only due to the suspended biocenosis (ac-
tive sludge), that is, it works as an ordinary com-
plete-mix aerotank. In the second part (reactor 2),
the OP removal occurs mainly by the attached bio-
cenosis, which is formed at the add-on load, with
the possible consideration, if necessary, of the ac-
tion of the active sludge in the reactor 2. It is be-
lieved that the biochemical oxidation process is
adequately provided with oxygen, that is, the flow
of oxygen will not limit the kinetics of oxidation of
both the suspended and attached biocenosis. Let us
consider also the most widespread case in which
the removal of OP by an active sludge occurs by
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a zero-order reaction, and in a biofilm — by the
first-order reaction. Then, according to [7], to de-
termine the concentration of OP at the output from
the 2nd reactor (of the aerotank) La2, the following
general dependence is proposed

L,-T,w, —-T,w
L, ==
1+ 2K (1-A)
Q

a

where
W
Wa _ “mYaxa , Ta1 __ & ,
a Qa
w W
Ta2 == - , Ta =Ta1 +Taz' (2)
Q. Q

For the 1st reactor, the volume of the liquid is
assumed to be equal to the reactor volume

Wpl :Wa1' For reactor 2 it is necessary to take
into account the volume loaded with biofilm W ,
therefore we have

W;,

W, =eW_ , e=1- . 3
P2 3 W ()

&

The specific loading area with the biofilm in
the reactor 2 is determined by the formula

=

__9%

F. =
8n2 W

)

) (4)

where F, is the total surface area of loading (bio-
film) in reactor 2 of volume W,, .
Recommendations for determining the parame-

L
ter A= L52 under the assumption that the reaction
a

rate in the biofilm is taken of the first order, are
given in the papers [7, 9]. Here L, and L;, are

the concentrations of OP in the reactor 2 and on the
surface of the biofilm.

For further analysis, the dependence is repre-
sented in the form

== (5)

where

T:Tawa, y= Faz

L

Fig. 1 shows the graphs of the function

K (1-A). (6)

La2

= f(r,y), constructed according to the de-
0

pendence (5). It is assumed that the volumes of the
first and second reactors coincide W,; =W, and

that w, ~w, =w,. The results presented in Fig. 1

show that post-treatment by the attached biomass
can significantly improve the quality of wastewater
treatment. However, as shown by Fig. 2, with the
increase of the parameter y, which depends on the
flow N and mainly on the specific loading area
F5 ., that is, on the load element density, this im-

provement is significantly slowed down. There-
fore, in this case, as in other process flow schemes
of aerotanks with attached biocenosis, an important
issue is the choice of the most appropriate loading

area F; based on the additional analysis.
Fig. 3 shows the graphs of the function

3

L

the clarification in the second reactor due to the
suspended biocenosis (active sludge) can be ne-
glected, ie. T, =0 (=T, ).

I

“ay

= f(1,y), constructed under the condition that

Iy
0.8
0.6 \
=0
~ J’\
0.4 = \
— ~
fa S 7~ LY
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02 005005 o X
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0 1
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L
Fig. 1 Dependency graph L“2 = f(z,)

0
As can be seen from the data in Fig. 1 and
Fig. 3 the active sludge in the second reactor with
the same values of the parameter T does not signif-
icantly affect the overall clarification effect. How-

ever, clarification in the free volume of the 2nd
reactor allows for some increase in the value of the
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parameter 1, and, accordingly, the quality of the
removal of organic pollutants.

1 e
Ly
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0.6 4

0 ‘ . . ¥
0 1 2 3 4 5

L
“ = f(y) with =0
I-0

Fig. 2. Dependency graph
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Fig. 3. Dependency graph LZ = f(r,y)

0

The paper [10 (Fig. 2, 3)] presents the compara-
tive results of the studies of simultaneous OP clari-
fication in complete-mix aerotank, in which the
elements of additional loading are evenly arranged.
When constructing these graphs, the dependence
(5) is used, in which the parameters t and y are
taken in accordance with the adopted process flow
scheme of the complete-mix aerotank, namely:

T Fay on)
Lo Q.
Ty _a )
a ) pa a:*
Qa

Fs is the total area of loading elements in the
complete-mix aerotank with length | and volume
Wa. According to [10 (Fig. 2, 3)], only at signifi-
cant values of the parameter T and minor values of
v one should also take into account the removal of
OP due to the active sludge.

The obtained dependencies and performed cal-
culations allow substantiating the increase in effi-
ciency of the aerotank using the arrangement of
loading elements with the attached biocenosis in
the second half of its volume.

The works [7, 10] present theoretical studies
and methods for calculating the parameters of bio-
logical wastewater treatment from organic pollu-
tants (OP) in continuous-flow aeration tanks with
simulatneous purification of suspended and at-
tached biocenosis. To evaluate the efficiency of
such aerotanks, let us consider the scheme of their
work with the suspended and attached biocenosis
when the loading elements (hozzles, screens, etc.)
are evenly spaced along the entire length | [10].

As a result of the theoretical studies carried out
under the condition that the removal of the OP by
the suspended and attached biocenosis occurs by
the first-order reaction, the following dependence
is obtained to determine the change in the concen-
tration of L, along the aerotank X

L.(X)=Lx =™ (8)
% = (A +k,,)x=B%, B=(A +k,), z:lf, 9)
where
A*zf/—o(l—A), ka*:k—a, /10=E—ZKL,

F; = F4 is the loading surface area (biofilm) per

unit length of aerotank | (m), K, — coefficient of
. e Ly .
mass transfer in a liquid film (m/h), A= L_é is the
0
biofilm parameter determined according to the rec-
ommendations given in the papers [7, 9].
At the exit of the aerotank we have

x=I,X=1

L()=Le" =Le® T =B (10)

In order to carry out further analysis and obtain
comparative estimates of the influence of various
factors on the clarification processes in this case,
we represent the dependence (10) in the form
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L)

Lo

—(B_+B,
:e(L )’

(11)
where B, =IA,, B, =Ik,,.

Thus, at B, =0 the removal of OP in aero-
tanks occurs only at the expense of suspended bio-
cenosis (active sludge), and at B, =0 — only at the
expense of the attached biocenosis (biofilm).

Based on the dependence (11), we built the cal-

L (1)

culated graphsL— = f(BL,Ba), presented in
0
work [8 (Fig. 3)] and in Fig. 4

La()x
Iy

% X\
0-6 | X\
0.4 - X

0.2

0 T T T T " B
0 0.2 0.4 0.6 08 1

Fig. 4. Dependence graph LI"‘_—(I) = f(Ba)
0
with B, =0

The results of the calculations presented in [8
(Fig. 3)] and in Fig. 4 show that the additional in-
troduction into the aerotank of loading with the
attached biocenosis (biofilm) allows to significant-
ly improve the work of the continuous-flow aera-
tion tank, especially with B < 1.

The work [13] presents an experimental evalua-
tion of the efficiency (EF) of the complete-mix
aerotank due to add-on plastic screens, the results
of which at Q, =110ml/min, L, =150—mgB|OD5
are given in Table 1.

The Table 1 shows a significant increase in EF,
a decrease in L, when using 6 screens and a gradu-
al increase in efficiency with increasing number of
screens. In this case, the total increase in efficiency
is 25%. As noted earlier in Fig. 2, 3 and in [10
(Fig. 2)], the intensity of the increase in efficiency
is stabilized upon achievement of the minimum
concentration of pollutants at the output L.

Table 1
Experimental EF evaluation of OP removal
in aerotank
Relativ Total Intensity La '
Loading eEF | crino of EF mg/l at
in% 0 in%, the
output
0 screens 0 72.50 - 44
6 screens 25 90.00 17.50 16
12 screens 50 95.00 22.50 8
18 screens 75 96.50 23.75 6
24 screens 100 97.50 25.00
Findings

The comparative calculations on the presented
dependencies make it possible to estimate the in-
tensity of increasing the clarification efficiency in
aerotanks due to additional elements with attached
biocenosis. The constructed models take into ac-
count the special features of the intake of organic
pollutants and oxygen in a biofilm, its parameters,
as well as the velocity of kinetic reactions with the
simultaneous removal of organic contamination by
suspended and attached biocenosis.

Implementation of the calculation methods for
the proposed dependencies allows more fully and
reasonably to consider the important processes of
wastewater treatment, which occur with the addi-
tional involvement of the attached biocenosis.
These processes significantly affect both the dis-
posal of OP and the efficiency of aerotanks.

Originality and practical value

As part of the study described in this article, it
is proposed to increase the efficiency of the aero-
tanks by allotting its part for additional loading
with attached biocenosis. In this part there is sim-
ultaneous oxidation of organic pollutants with ac-
tive sludge and biofilm. The mathematical model
describing this process is presented. There are car-
ried out calculations, performed comparative eval-
uation of the unit efficiency, depending on the de-
gree of influence of the additional loading. Such an
evaluation allows us to justify the rational parame-
ters of the biological treatment unit of improved
design. This means that the obtained scientific re-
sult in the form of the results of calculations based

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/175883

© O. Y. Oleynik, T. S. Airapetian, S. M. Kurganska, , 2019

41


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpascnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

EKOJIOI'I TA IIPOMUCJIOBA BE3IIEKA

on the mathematical model of biological oxidation
of organic pollutants by suspended and attached
biocenosis, including an assessment of the influ-
ence of these components on the purification effi-
ciency, is interesting from a theoretical point of
view. From the practical point of view, the con-
ducted researches allow to justify the use of addi-
tional loading with attached microorganisms in
order to improve the quality of removal of organic

Conclusions

The results obtained in the article give grounds
for asserting the possibility of introducing into the
actual technological process of wastewater treat-
ment the use of attached biocenosis in aerotanks,
which will allow getting effluent at the output from
the facilities with a concentration of organic sub-
stances within the permissible values.

pollutants in aerotanks.
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OIIHKA EOEKTUBHOCTI POBOTHU AEPOTEHKIB 3A PAXYHOK
JOJATKOBOI'O BJAIITYBAHHA 3AKPIHHIVIEHOI'O BIOIIEHO3Y

Mera. JlociipkeHHs: nepeabayac BUKOHAHHS MOPIBHSJIBHUX PO3PaxyHKIB Uil OLIHKK e(eKkTHBHOCTI poboTH
AepOTEHKIB 13 JI0JIaATKOBUM 3aKpiruieHnM OionieHo3oM (OiomtiBkoro). Meroauka. [{i1s mizBuiieHHs e)eKTHBHOCTI
poOOTH aepPOTEHKIB 3a PAXYHOK YIIPOBAKCHHS JTOJATKOBOTO 3aBAHTAXKEHHS 13 3aKPIiIUICHUM 0i01[eH030M (010TLTiB-
KOI0) MOOYI0BAHO MaTEMAaTUYHI MOJIEII, 1110 BPAXOBYIOTh OJJHOYACHE OKUCJICHHS OpPraHiuHUuX 3a0pyAHEHb 3aBUCIUM
i 3akpiieHuM OionieHo3oM. Ha ocHOBI mux Mopeneil po3poOieHO METOAM pPO3paxyHKy IapamMerpiB OYHIIEHH:.
3’sicoBaHO BIUIMB Pi3HMX (haKTOPiB HA OUMIIEHHS B a€pOTEHKAaX, YCTAHOBJICHO, IO IHTCHCHUBHICTh OYHMILECHHS ITiJ-
BUIIYETHCS 32 PAXyHOK JIOJATKOBHMX €JIEMEHTIB 13 3aKpituieHuM OionieHo30M. [Ipu 11boMy pO3IIISIHYTO MOXIIMBI TEX-
HOJIOTi4HI i KOHCTPYKTHBHI CXeMH a€pOTEHKIB, KOJIM €JIEMEHTH 3aBaHTAXEHHs (HAacalKH, CITKH TOIIO) pO3TAIIOBaH1
10 BChbOMY iX 00’eMy a0 OifIbII LIITLHO W KOMIAKTHO TUJIbKM Ha OKpeMHX AisiHKax. Pe3yabpraTn. BusznaueHi 3a
JIOTIOMOTOI0 YHCEIBHUX METOAIB MapaMeTpH OYMIIEHHS CTIYHMX BOJ BiJ OpraHidyHMX 3a0pyaHeHb i moOynoBaHi
rpadiky MOKa3yloTh 3HaYHYy €(QEKTUBHICTb POOOTH aEpPOTEHKIB 32 PaXyHOK YIIPOBAPKEHHS JOJATKOBOTO 3aBaHTa-
KEHHS 13 3aKpiluieHuM OiomeHo3oM (6iomniBkoro). BukoHaHiI po3paxyHKH BIUIMBY JOJATKOBOTO 3aBAaHTAXKCHHS Ha
e(eKTHBHICTh pOOOTH aepOTEHKIB-3MIlIyBadiB Ta a€pOTEHKIB-BUTHCKYBadiB MMOKA3aJIM, III0 BUKOPUCTAHHS iMMOOi-
7i30BaHOTO OIOIIEHO3Y [O3BOJSIE TIIBHINWTH SAKICTh BHJANCHHS OpraHiYHMX 3a0pyaHeHb y 2-5 pa3sis.
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HaykoBa nHoBu3Ha. HaykoBo oOIpyHTOBaHO BIUIMB pi3HMX ()aKTOPIiB Ha OYHMINEHHS CTIYHUX BOJ B ACPOTEHKAX,
€(EeKTUBHICTh SIKOTO TIJBHUIIYETHCS 32 PaXyHOK JIOJATKOBHX €JIEMEHTIB 13 3aKpilJIeHUM OiOI[eHO30M.
[pakTuyHa 3HaAYUMIiCTh. Y pa3i BIPOBaKCHHS PE3YNbTATIB IOCIIKEHb HA MiAMPUEMCTBAX 3 OYUCTKH CTIIHUX
BOJI MOXe OyTH 3HAYHO IiJIBHINECHA SKICTh BUAAJICHHSA OpraHiuHUX 3a0pyIHEHs OionorivHMMH MeTomamu. Peamiza-
Iisl METOIB PO3PaXyHKY 32 3aIPOMIOHOBAHNMH 3aJICKHOCTSIMHE JI03BOJISIE OUTBII TIOBHO i OOTPYHTOBaHO BpaxyBaTH
BaXJIMBI TPOLIECH, SKi 3HAYHO BIUIMBAIOTH HA YTHJII3aIil0 OpraHIYHUX 3a0pyAHEHb Ta €PEeKTHBHICTH POOOTH aepo-
TEHKIB i3 JOAaTKOBUM 3aJIy9CHHSM JIJIsI OUYMIICHHS CTIYHHX BOJ 3aKPIiIUIEHOTO Oi0IEHO3Y.

Kniouosi crnosa: aepoOTeHKU-peakTOpH; 3aKpiluieHHid OioueHo3 (Oiomaca); OlOIUTIBKA; aKTUBHUH MYI; peakIii
OYHIICHHS
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OLHEHKA DOPEKTUBHOCTHU PABOTBI ADPOTEHKOB 3A CHET
JOMOJIHUTEJBHOI'O YCTPONUCTBA NPUKPEILJIEHHOI'O
BUOIIEHO3A

Hens. UccrnenoBanue mpeaycMaTpUBAcT BEITIONHEHHE CPAaBHUTEIBHBIX PACUETOB JUIA OICHKH 3()()EKTUBHOCTH
paboTHI a3pPOTEHKOB C OTIOIHUTEIBHBIM MPUKPEIUICHHBIM OnoreHo30M (OnoruieHkoi). Meroanka. s moBbImIe-
HUs 3 dexTuBHOCTH pabOTH a3POTEHKOB 3a CYET BHEAPCHUS NONOJHHUTEIEHOW 3arpy3KH ¢ MPUKPEIDICHHBIM OHO-
[IEHO30M (OHMOIUICHKON) IMOCTPOSHBI MAaTEMAaTHIECKHE MOCIH, KOTOPhIC YYUTHIBAIOT OJHOBPEMEHHOE OKHCIICHHUE
OpTaHUYECKHX 3arps3HCHUH B3BEIICHHBIM U MPUKPEIDICHHBIM OHoIieHo30M. Ha ocHOBe 3THX Momesel pa3paboTaHbI
METOJIbl pacueTa MmapaMeTpoB OYUCTKH. OTpeesicHO BIMSHHE PAa3IUYHBIX (PAKTOPOB HA OYUCTKY B adPOTCHKAX,
YCTaHOBJIEHO, YTO MHTEHCUBHOCTh OYHMCTKH MOBBIIIAECTCS 3a CUET JOMOJHUTEIBHBIX JIEMEHTOB C MPUKPETUIEHHBIM
6uorieHo30M. [Ipy 3TOM paccMOTPEHBI BO3MOKHBIE TEXHOJIOTHIECKHE U KOHCTPYKTUBHBIE CXEMBI a9POTEHKOB, KOT/Ia
9JIEMEHTHI 3arpy3KH (HacallKu, CETKH U T. I1.) PACIIONIOKEHBI 10 BCeMY UX 00beMy WiH 00jiee TNIOTHO U KOMIIAKTHO
TOJIBKO Ha OTJENbHBIX ydacTkax. Pe3yibrarbl. OmpeleneHHble ¢ MOMOIIBI0 YHUCICHHBIX METOJIOB MapaMeTphl
OYHMCTKH CTOYHBIX BOJ| OT OPraHUYECKHX 3arpsA3HEHUN U TOCTPOCHHBIE TpadUKH TMOKA3BIBAIOT 3HAYUTEIHHYIO
3¢ PEeKTHBHOCTh pabOTHl a’pPOTCHKOB 3a CYET BHEIPECHUS JOMOIHHUTEIBHON 3arpy3kKu ¢ MPUKPEILICHHBIM
OuorieHo30M (OHMOIICHKOM). BBIMOMTHEHHBIE pacueThl BIVSIHHSA JOIMOJNHHUTEIBHOHN 3arpy3ku Ha 3(deKTHBHOCTH
paboTBl  adPOTEHKOB-CMECHTENCH ¥ a3pOTEHKOB-BBHITECHUTENCH TOKa3alld, YTO WCIIONB30BAaHHE HWMMOOH-
JU30BAHHOTO OHWOIIEHO3a MO3BOJSACT IMOBBICUTH KAaueCTBO YINAICHUS OPTraHWYSCKUX 3arps3HEHU B 2-5 pas.
Hayunasi HoBu3Ha. HaydHO 000CHOBAaHO BIHSIHUE PAa3IMYHBIX (PAKTOPOB HA OYMCTKY CTOYHBIX BOJ B adPOTEHKAX,
3¢ (PEKTUBHOCTh KOTOPOH IOBBIMIACTCS 32 CUET JOMONHHUTEIBHBIX JJIEMEHTOB C TMPHUKPEIUICHHBIM OHOIIEHO30M.
IpakTuyeckas 3HAYUMOCTb. [Ipu BHEIpEHNN PEe3yNILTATOB UCCIIENOBAHUHN HA MPEANPHUATHIX 110 OYUCTKE CTOYHBIX
BOJI MOKET OBITh 3HAUUTEIHHO MOBBIIIEHO KAY€CTBO yIAJCHHsI OPTAaHUYECKUX 3arpsS3HEHUH OMOOTHIECKUMU METO-
namu. Peanmsamus MeTOIOB pacueTa Mo MPEeJIOKEHHBIM 3aBUCUMOCTSIM TO3BOJISIET OoJiee MOJHO M 00OCHOBAaHHO
YUYECTh BaXKHBIC MPOIIECCHI, KOTOPHIC 3HAYUTEIILHO BIMSAIOT HAa YTUJIM3AIMIO0 OPTaHUUECKUX 3arpsisHeHui U d3hdek-
TUBHOCTh pa0OTHI a3pOTEHKOB C JOTOJHUTEIHHBIM MPHUBJICUEHUEM JUJISI OYUCTKU CTOYHBIX BOJ MPUKPETIEHHOTO
OHOIIEHO34.

Krouesvie cnosa: a3pOTEHKU-PEAKTOPHI; NMPUKPEIUICHHBIN OWoleHo3 (OMomacca); OWMOIICHKA, aKTUBHBIA WII;
peaKLnu OYUCTKU
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OPI'AHMU3ALIMA KOHTPOJISA TEXHOJOI'MYECKUX NTPOLUECCOB
’KEJE3HOJIOPOKHbBIX CTAHIIMIA HA OCHOBAHUU
CTATUCTHYECKUX METOJA0B

Ileanb. B nanHO# cTaThe aBTOPHI IPEANONATAIOT Pa3padoTaTh CTATHCTHIECKHUE METOABI KOHTPOJISI TEXHOJIOTHYe-
CKHMX TIPOIECCOB pabOTBI JKEJIE3HOIAOPOKHBIX CTaHIMA HAa OCHOBAaHMM KOHTposbHBIX KapT Ilyxapra.
Metoauka. VccrnenoBanus B CTaTbe BBINOJHEHBI HA OCHOBAHWU METOJOB CTAaTHCTHYECKOTO KOHTPOJIS KadecTBa
U TEOPHUH IKCILTyaTalllH >KeIe3HbIX Aopor. Pesyabrarel. CyniecTByromue METOAbI KOHTPOJIS BBITOTHEHUS TEXHO-
JIOTHYECKUX TPOLIECCOB JKEJIE3HOIOPOKHBIX CTAHIMI OPUEHTHPOBAHBI Ha JOCTIKEHHE KOJMUECTBEHHBIX MOKa3aTe-
Jel ux paboThl mpu 6e3yCIOBHOM BBIIIOJHEHHH HEOOXOIUMOT0 MEPEeYHs TEXHOJIOTHYECKUX OIepaIuil 1 codioe-
HUS TpeOoBaHUI 6€30MMaCHOCTH ABMXEHHMS 1MOe310B. B To ke BpeMs mpobiiema KOHTPOJIS COOMIOIEHNS KaueCTBEH-
HBIX MMOKa3areneil paboThl CTaHIUN TPeOyeT JOMONHUTEIBHBIX UccieqoBaHuii. OCHOBHBIM KpUTEpUEM JIJISI OTICHKH
Ka4yecTBa BBIMOJHEHHUA TEXHOJOTHYECKUX MPOIECCOB, CBA3AHHBIX ¢ 00pabOTKOM Moe3/10B, TOKOMOTHBOB, BarOHOB,
KOHTEHHEPOB, IPy30B, JOKYMEHTOB M MH(OpMALMK Ha JKEJIE3HOAOPOIKHBIX CTAHIHSX SBIISETCS X MPOJOJDKUTEIb-
HOCTh. YUHTBIBasi TO, YTO 3aTPAThl BPEMEHN Ha 00pabOTKY yKa3aHHBIX OOBEKTOB SIBISIOTCS CIydaliHBIMH BEITHYH-
HaMM, OIS KOHTPOJS M YIPaBICHHS TEXHOJOIMYECKHMMH IPOLIECCAMM CTAaHIUM NPEIOKEHO HCIOIb30BaTh
CTaTUCTUYECKUE METOMBI, B 4acTHOCTH KapThl lllyxapra. B kauecTBe mpumepa B cTaTbe pPacCMOTPEHBI MPOLECCH
TEXHHMYECKOTO OOCITY)KMBaHHS BaroHOB I'PY30BBIX II0€3/I0B IO OTIPABJIECHHIO M MOCTpoeHb! KaptThl Lllyxapra mms
cranimii KnemapoB u Banmamkapel. AHanmn3 paboTbl 00eMX CTaHIMH TOKa3aJl HAIWYHE CYIIECTBEHHOTO BIIMSTHUS
MECTHBIX YCJIOBHH Ha HPOJOIDKHTENBHOCTh TEXHHYECKOTO OOCIYXHMBAaHHS COCTaBOB IIOE3/10B 110 OTIIPABIICHUIO,
a TaKKE€ 3HAYUTCIIbHBIC OTKIOHCHUA MEXKAY €ro HOpMaTHBHOﬁ u (l)aKTI/I‘IeCKOf/’I IPOAOJIKUTEIIbHOCTBIO.
Hayynass HoBM3Ha. B janHHON paboTe BHEepBbIE NPEAJIOXKEH METOA YNPaBICHHS TEXHOJIOTMYECKHUMHU
IIPOLIECCAaMU  KEJIE3HOJOPOKHBIX CTAHLUM, OCHOBAaHHBbIM Ha WCIOJIb30BaHUU KOHTPOJbHBIX KapT Illyxapra.
IIpakTHyeckasi 3HAYMMOCTh. [IprMeHeHHe MPEeIIoKeHHOT0 METOZa MO3BOJISET, C OJHOW CTOPOHBI, aJeKBATHO
BBITIOJIHATE KOHTPOJIb MPOJO/DKUTCIIBHOCTH TEXHOJIOTHYCCKUX IMPOUECCOB U OTACIbHBIX TEXHOJOTHYCCKUX OIlepa-
LM, TPEJICTABIAIOMMX cOO0H, Kak MPaBmilo, CIydaifHble BEJIMUUHEL, & C IPYroi — OLIEHNBATh BO3MOXKHOCTH peaju-
3allUU YCTAHOBJICHHBIX TE€XHOJIOTHUECKUMHU IMpoueccaMu HopM. Kpome Toro, opraHmsanusi HaKOIUIEHHUsS] CTaTUCTU-
4yecKoW MH(OpMany 0 X0/1e BHIIOIHEHHS TEXHOJIOTHUECKHUX IIPOIIECCOB TaKKe MO3BOJIMT CYIIECTBEHHO yIIPOCTUTD
MIOCTPOEHHE a/ICKBAaTHBIX MMHUTAI[OHHBIX MOJICNICH, YYUTBHIBAIOIINX CTOXAaCTUYHBIN XapakTep (pyHKIMOHUPOBAHUS
KEJIE3HOJOPOKHBIX CTAHIUI.

Kniouesgvie cnosa: xene3HONOPOXKHBI TPAHCIOPT; JKEJIE3HOAOPOXKHASI CTAHLUS, TEXHOJOTMYECKHH MpoLecc;
CTaTUCTUYECKUI KOHTPOJb KauecTBa, kapTel [llyxapra
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BBeaenne

’Kene3HogopoKHBINA TpPaHCTIOPT SBISETCS OJ-
HUM U3 OCHOBHBIX BHJIOB Ha3€MHOTO TpPAHCIOPTA.
Ero ornuunrenpHbIE XapaKTEpUCTHKHA — BBICOKAs
MPOBO3HAsI CIIOCOOHOCTh, HU3KHE Y[ENbHBIE pac-
XOJbl DSHEPrud Ha TEepeMEIEHUE IacCcaXXKupoB
U TPY30B, a TaKKe BbICOKasi 0€30MacHOCTh MEPEeBO-
30k. [Ipm 3TOM OJHWM W3 OCHOBHBIX METOJOB
o0ecrieyeHus] yCTaHOBICHHBIX CPOKOB JIOCTAaBKH,
SKOHOMHYHOCTH M 0€30MacHOCTH MEepPEeBO30K Ha
KEJIE3HOJOPOKHOM TPAHCIIOPTE SBJSIETCS IIpe/IBa-
puTenpHas pa3padoTKa MPOTPECCHBHBIX TEXHOIO-
THYECKHUX MPOLECCOB JIMHEHHBIX MOApa3AeIeHUH,
B YAaCTHOCTH JKEJIE3HOAOPOKHBIX cTaHlui. Hapy-
IIEHNe TEeXHOJIOTMYECKUX IPOIECCOB YKEIEe3HOI0-
POXHBIX CTaHIIMHA MOXKET IMOBIIEYb 32 cOOOM KO-
HOMHYCCKUN yImiep0d, a B OTICIBHBIX CIy4asx
yiepd OKpyKarolle cpejie, 3M0pOBBI0 W KHU3HU
mroneit [4]. B artoit cBsa3u mpobiiemMa COBEpIIEH-
CTBOBaHUA MCTOJOB YIIPABJICHUA TCXHOJOTHYC-
CKAMH TIPOIECCaMU JKETIe3HOJOPOKHBIX CTaHITUI
SIBIISIETCS AKTYaJIbHOM.

Hy)KHO OTMCTUTH, YTO CaMO IIOHATHEC TCXHOJIO-
THYECKOTO Tpoliecca JKEIe3HOJOPOKHON CTaHIIUU
Tpedyer yrouHenus. Tak, B [13] TexHomorudeckuit
MpoLecc OoNpeeséH Kak HOPMAaTUBHBIA JOKYMEHT,
B KOTOPOM H3JIOKEHA CHUCTEMa OpraHu3aluy pado-
THI CTaHIINW, OCHOBaHHAs HA MIPUMEHEHHU TIePeJIO-
BBIX METOJ/IOB TPYZa, MOCIIEIOBATETLHOCTH U HOPM
BpPEMCHHM Ha BBINTOJIHCHHUE TCXHOJOI'MYCCKUX OIIC-
pamuii Mo mpuéMy, OTHpPABIECHUIO M 00paboTKe
MOE3/I0B M BaroHOB BCeX Kareropuii mpu 0e3-
YCIIOBHOM OO€CTieueHUH 0e30MacHOCTH JIBHKEHUS,
COXPaHHOCTH TIEPEBO3UMBIX T'Py30B, COOJIOJICHUH
TpeOOBaHUI OXpaHbl TPyJa W OKpPYKAMOIMIEH MpH-
ponsoit cpemsl. B [12] ompemeneHrie TeXHOIOTH-
YecKOro mporecca paboThl CTaHIIUU OTCYTCTBYET,
HO YKa3aHO, 4YTO TEXHOJOTUYECKHE TIPOIECCHI
JOJDKHBI  PEeTJIAMEHTHUPOBATh BCE BBITIONHSIEMBIE
KOHKPETHOM CTAaHIMEW TEXHOJOTMYECKUE Ollepa-
MU HE3aBUCHMO OT MX 4acTOThl U 00BEMOB. Ta-
KHM 00pa3oM, Ha >KEIe3HOJAOPOXKHOM TPAHCIIOPTE
CIIOKHJIACh CUTYyalus, KOTJa B Ka4eCTBE TEXHOJO-
THYECKOTO TpOIlecca paccMaTpUBAIOT HOPMATHB-
HBIM TOKyMEHT, B KOTOPOM 3TOT MPOLECC JODKEH
ObITh TpencTaBlieH 0€3 pAacKphITHA €ro CyTH.
B cooTBeTCTBUM C TaKUM OIPEACIICHUEM ITOHATHA
«TEXHOJOTMUYECKUH TPOLECC CTAHIUM» Ha JKENe3-
HOJIOPOKHOM TPaHCIOpPTE C(HOPMHUPOBAIOCH MOHS-

THE YOPABICHHUS M KOHTPOJS TEXHOJIOTMYECKUX
MIPOIIECCOB UX PaOOTHI.

B [13] 3amaua KOHTPOJIS BBITOJHEHUS TEXHO-
JIOTHYECKHUX IPOLECCOB KEJIE3HOAOPOKHBIX CTaH-
LHAA CBOAMUTCS K KOHTPOJIIO BBINOJHEHUS IUIAHO-
BBIX TIOKa3aTeNiel »SKCIUTyaTallMOHHONW paOoThI,
a TakKe K KOHTPOJIO 3a COOJIONEHHEM YCTaHOB-
JICHHOTO TEXHOJOTMYECKUM IMPOLECCOM TMOpsaKa
BBITIOJTHCHHSI TIOC3JHOW W MaHEBPOBOW paOOTHI,
rpaduka UCIOJHEHHOW pa0OThl CTAHIIUU, COOTBET-
CTBYIOIIMX JKypHAJIOB yd4eTa pabOThl CTAaHIWUH
B COOTBETCTBHH C TpeOOBaHHAMHU (GOpM TMEepBHU-
HOW YYETHOW AOKYMEHTAallMM IO XO3SHCTBY MEpe-
BO30K M MHCTPYKTHUBHBIX YKa3aHUH IO UX COCTaB-
JICHUIO U BEJCHUIO, a TAKXKE K MPUHATUIO OIepa-
THUBHBIX MEpP IO HEIOMYIIECHUIO HAPYIICHUHA YyCTa-
HOBJICHHOM TEXHOJIOTHH.

B [12] yka3aHo Ha HEOOXOAMMOCTH KOHTPOJISA
TEXHHYECKUX CPEICTB CTAHIIMH, a TaKKe HeoOXo-
JUMOCTH TIPOBEACHUS COOTBETCTBYIOIIMX MEPO-
NPUSATUN IPU MPEBBILICHUH PALUOHAIBHOIO YPOB-
HSI WX 3arpy3kd. Takodl MOaXol K KOHTPOJIO
U YIOPABJICHUIO TEXHOJOTHYECKUMHU TPOIECCaMH
JKEJIC3HOOPOKHBIX CTaHIIMHA HUMEET JBa CyIIe-
CTBEHHBIX HeJoCTaTKa. Bo-mepBhIX, OIHUM U3 OC-
HOBHBIX IOKa3aTeliel KauecTBa paboThl TPaHCIIOP-
Ta SBJSETCS CPOK JOCTaBKU. JKerne3Hoa0pOKHBIN
TPAHCHOPT CTAHIIMM OKAa3bIBAECT PEIIAIOIICE BIIUS-
HHE€ Ha JTAaHHBIM NOKa3aTesb, TaK KaK BaroH Haxo-
JUTCSI B MPOIIECCe ABMXKEHHUS JiMiib okoyo 10 %
MIPOJIOJDKUTENBHOCTH CBOero oboporta, a 90 % — Ha
JKEJIE3HOJOPOKHBIX CTAHLUUAX W MPUMBIKAIOLIUX
K HUM TOIBE3IHBIX MyTsaX. B To ke Bpems KOH-
TPOJIb 3aTPaT BPEMEHHU HA TEXHOJOTHUYECKHE TPO-
LIECCHl Ha CTAaHUUSX OCYIIECTBISAIOT JIMIIb IIyTEM
OIICHKA MAaTEeMAaTUYECKOTO OXXHUIAHUS BEINIUHBI
MPOCTOSl BaroHOB, OE30THOCHUTENBHO K KaXKIOH
OTHENBHOI MEepEBO3KE.

Bo-BTOpBIX, IS CYIIECTBYIOLIETO MOAX01a Xa-
paKTepeH 3HAUYUTEIbHBIN YPOBEHBb CyOBEKTHBU3MA,
KaK TMpU YCTAHOBIEHWUH IUIAHOBBIX IOKAa3aTeseH,
TaK ¥ TPU OIEHKE Pe3yJIbTaTOB PabOTHI CTaHIIHA.
B-TpeTpux, CymecTByrOmuUe METOABI PELIEHUN 10
W3MEHEHUIO TEXHOJIOTHH, TEXHHYECKOTO OCHAIIIe-
HUA U IIyTEBOTO pPa3BUTHUS KEJIE3HOJOPOKHBIX
CTaHIMK 0a3MPYIOTCS Ha METOJaX TIpauvecKoro,
rpad0aHaIMTHYECKOT0 W HMHTALMOHHOIO MOJIe-
nupoBanus [3, 6, 11, 18].
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Hccnenosanus, Beimonnednsie B [10], mokassl-
BAIOT, YTO 3aME€Ha MOJENH (QYHKIHMOHHPOBAHUS
CTaHIMH CO CIy4YallHOH NPOJOIKUTEIBLHOCTHIO
TEXHOJIOTHUECKUX Ollepauuii Ha MaTeMaTHYECKYI0
MOJCJIb C IIOCTOSHHOM NPOJOIDKUTEIBLHOCTHIO
oTepaluii MPUBOANUT K CYLIECTBEHHOH MOTPELIHO-
CTH PEe3yNbTaToB ouLeHuBaHUs. OTCyTCTBUE [aH-
HBIX O MapaMeTpax pacHpeleiacHU CiydailHbIX
BEIMYMH NPOJOJDKUTEILHOCTH BBHIMOJHEHHUS TeX-
HOJIOTHYECKHX OMNepaluii Ha CTAaHIUSAX MPUBOJIUT K
HEOOXOIMMOCTH BBIIIOJIHEHUS 3Tama o0cienoBa-
HUs cTaHiui [9], 4TO yCIIOXKHET MpoLece OLEHKH.

Omnpenenenue TMOHATHS — «TE€XHOJOTHYECKHUH
mpouece» €CTb B HOPMATUBHLIX NOKYMEHTAx, pe-
INIAMEHTUPYIOLIUX IPOMBILIIICHHOE ITPOU3BOICTBO.
TI'OCT 3.1109-82 [7] anms 0bmacTv U3rOTOBIICHUS
W PEMOHTA M3/ICIHI MAIIUHO- U TPUOOPOCTPOCHHUS
OTIpeaeNsieT MOHIATHE TEXHOIOTHIECKOTo IpoLecca
KaK 4acTh MPOM3BOACTBEHHOTO, COIEPIKAIIETo Lie-
JICHAIIpaBJICHHBIC I[eI‘/'ICTBI/IH 10 U3MCHCHHIO
1 (WITH) OTpeieNIeHUIO COCTOSHUS TIPEMeTa Tpy/aa.

B HayuHOl nuTepaType MOHATHE «TEXHOJIOTH-
YeCcKHid MpPOIeCC» WMEET 3HAYUTENbHOE KOJInde-
CTBO Pa3HOOOpAa3HBIX oNpencicHuid. B 4yacTHOCTH,
B [19] ero ompenensiroT Kak OCHOBHYO YacThb MPO-
W3BOJICTBEHHOTO TMpOIlecca, KOTOpas HampsIMylo
CBsI3aHa C W3MEHEHHWEM (OpPMBI, Pa3MepoB, Kade-
CTBa MOBEPXHOCTH U (PU3UKO-XUMHUECKHX CBOHCTB
3aroToBkH. OTMEYEHO, YTO TEXHOJOTHYECKUI
MpoIecc — 3TO JUCKPETHBIN IMpolecc, B KOTOPOM
COCTOSIHME H3TOTaBIMBAEMOI0 3JIEMEHTa HW3MEHS-
€TCsl TIOCTENIeHHO M 00bIYHO HeoOpaTtumo. B pado-
Te [21] TexHONOTHYECKUi IMPOIECC paccMaTpHBa-
10T KaK 4acTh MPOW3BOJICTBEHHOTO, KOTOpas CBs-
3aHa ¢ 00paboTKOl Ha paboUMX MecTax MPOU3BOJI-
CTBa OTACJIBHBIX TIPOAYKTOB. OTMe'-IeHO, qTO0
TEXHOJIOTHYECKHE TPOIIECCHl MPOUCXOIST B paM-
Kax TEXHOJOIMYECKHUX CHCTEM U COCTOAT B IPe0O-
pa3oBaHUM BXOJHBIX 3JIEMEHTOB B MCKOMYIO (hop-
My. TexHoNmOTH4YecKuii mporece mpeacTaBiseT co-
00l COBOKYITHOCTH TEXHOJOTHUYECKHX OIEpaIfii
C LEJbI0 IPEeBpalleHus] HU3LIEH [IEHHOCTH B BBIC-
IIyI0 MOCPEACTBOM JAeWcTBUI uenoBeka. OH Koc-
BEHHO CBSI3aH C DJIEMEHTaMHU IPOHU3BOICTBA TIPH HX
B3aMMHOM [JEHCTBMM Ha OTAEIbHBIX IPOU3BOJI-
CTBEHHBIX PabOYMX MECTaX U COACPKUT: METOJBI
paboThl Ha pabodeM MecTe, peXUM pabOoThI, BpeMs
U CJO0XXHOCTH pabOThbl, KOTOPYIO HCIIONB3YIOT JUIS
MPOM3BOJCTBA POIYKTA.

HyxHo oTMeTuTh, uTO OOBEKTaMH Tpyda Ha
JKEJIE3HOJOPOKHBIX CTAHLMAX, KaK MPaBUIIO, SIBJIS-
€TCsl HE ChIpbe, a M0e3/]a, BarOHbI U JIOKOMOTHBHI,
Tpy3bl, JOKYMEHTH U uHpopmarws. B 3Toif cBsi3u
paccMOTpuM psaf OoJiee 00X ornpeneneHuii. Tak,
Harpumep, B [6] TEXHOIOTHYECKHIA MPOIIECC Ompe-
JIeJIeH KakK Ipolecc MepeBoia MpeIMeTOB Tpyaa U3
OJIHOTO COCTOSIHUSI B JIPYro€ HOCPEACTBOM BIMS-
HUS  BHYTPEHHEH cpenbl  IPOU3BOACTBEHHO-
TEXHUYECKOM CHCTEMBI Ha MpeaMeT TpyAa depe3
TEXHOJIOTHYECKOe 000pyIOBaHHE.

JIMCKpeTHBIN W IlieNeHaNpaBlIeHHBIM XapaKkTep
TEXHOJIOTHYECKUX TPOIIECCOB MOAYECPKHYT B [22].
B cooTBercTBUM € IaHHOW PabOTOW TEXHOIOTHYE-
CKHMM IpoLEcC — 3TO OTJIAKEHHAs MOCJEI0BaTEb-
HOCTb B3aUMOCBSA3aHHBIX JEHCTBUM, HayuHad
C MOMEHTa Te€HEepalru UCXOAHBIX JAAHHBIX N0 JO-
CTHIKEHUS KEJIaeMOro pe3ynbrara. TexHoJoruye-
CKHE TMPOLECCHl COCTOST M3 TEXHOJIOTHYECKUX
oreparuii, KOTopble, B CBOIO O4Ye€peqb, OMpeaes-
FOTCSl TEXHOJIOTMYECKUMU Iepexogamu. TexHono-
TUYECKUE MepexoAbl Ha3BaHbl 3aKOHYCHHOW Ya-
CThIO TEXHOJOTMUYECKOM oreparuu, OCyIecTBIse-
MOl ¢ HCHOJB30BaHHEM TeX K€ HHCTPYMEHTOB
TEXHOJIOTHYECKOro obecneueHus. Jpyrumu cio-
BaMH, TEXHOJOTHYECKHH TIpolLecc SBISETCS Ya-
CThIO TIPOM3BOJCTBEHHOIO IIpoliecca, KOTOPBIH
BKJIFOUAET B ceOs IeTeHanpaBIeHHbIE IEHCTBUS 110
HU3MEHEHUIO COCTOSHUS MPEeAMETa TPyaa.

HocTtarouHo oO0miee ompeneneHne MOHSATHS
TEXHOJIOTHYECKOTO TMpoIlecca mpuBeaeHo B [26] —
3TO METOJ pabOThI, UCTIOIB3yEMBI B TEXHOIOTHSIX
Y COCTOSIIIMU U3 YIOPSIOYEHHOM MOCIIEe0BATENb-
HOCTH IIaroB, KOTOpPbIE HEOOXOAWMO BBIOJIHHTS,
YTOOBI YJIOBJIIETBOPUTH MOTPEOHOCTh WU PEIINThH
npobuemy.

B 1esnom BBINOIHEHHBIH aHAIM3 XaPAaKTEPHBIX
O0COOCHHOCTEW TEXHOJIOTHYECKOTO IpoIecca Io3-
BOJISIET BBIIEIUTH, YTO OH SIBJIAETCS YACThIO IPO-
M3BOJICTBEHHOTO TIpoliecca MpennpusITuii, UMeeT
HavyaJio ¥ OKOHYaHHUE, a TaK)Ke COCTOUT U3 OMpeie-
JICHHOTO 4HCJIa LIeJICHANIPABICHHBIX TEXHOJIOIHYe-
CKHX omepanuii. B 1o cBsi3u OyneMm cuaurTarh, 4TO
TOKYMEHT «T€XHOJIOTHYECKHUU MPOIIECC) OIMMCHIBA-
€T MPOU3BOACTBEHHBIM MpOIECC KEIE3HOJ0POK-
HOM CTaHLIMM, BKIIIOYAIOIIUN MHOECTBO TEXHOJIO-
THYECKUX TPOIIECCOB 00pabOTKHM Ha HHUX TOE3/0B,
JIOKOMOTHBOB, BaroHOB, KOHTEHHEPOB, TIPYy30B,
JOKYMEHTOB M MH(popmauuu. B kauecTBe oTnens-
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HOTO  TEXHOJIOTMYECKOr0  Mpolecca  MOXHO,
HalpuMep, paccMaTpuBaTh MOTPY3Ky BaroHa, pac-
(hopMUpOBaHUE COCTaBa Ha COPTUPOBOYHOU TOPKE
U T. 1. Takol moaxoA K ONpeaesIeHUI0 TEXHOJIOTU-
YECKUX IPOIECCOB JKEJIE3HOJAOPOKHBIX CTaHIIUM
MO3BOJISICT HKCIIONB30BaTh ISl YOPABICHUS HMHU
METO/IbI, pa3pabOTaHHbBIC YIS YIPABJICHUS TEXHO-
JIOTUYECKUMHU TIPOIIECCaMU B MPOMBIIIIEHHOCTH.

K cBoiicTBam JTFOO0T0 TEXHOJIOTUYECKOTO IMPO-
1ecca MOXKHO OTHECTH CIIEAYIOIIUE:

— ONpEAENIEHHOCTh, T. €. CTENEeHb, B KOTOPOM
(hakTUYIEeCKHII TIPOIlecCC COOTBETCTBYET €T0 MEepPBO-
HayaJlbHOMY OIHCAHUIO;

— CTOHMMOCTB, T. €. 00IIasi CTOMMOCTE BBIIIOJI-
HeHUs (YHKIMI Tporecca W Mepeaqnd MPOMexy-
TOYHBIX pe3yanaTOB MC)KILy HHUMU,

— perumMKalus — CIIOCOOHOCTh TEXHOJOTHYE-
CKOr0 IpoLecca CO3/1aBaTh BBIXOAHBIE IOTOKU
C OIVWHAKOBHIMH XapaKTEPUCTUKAMH, TMPHOIIDKA-
SACh K 3alaHHBIM XapaKTepI/ICTI/IKaM HpI/I HOBTOp-
HBIX pealn3alusx;

— YNpaBIs€MOCTb, T.€. CTEHEHb YINPaBICHUS
MPOIIECCOM JIJIsl BBIMOTHEHHSI 3apaHee MOCTaBIICH-
HBIX 3a7a4;

— 3(QeKTUBHOCTS — CTENEeHb ONTHUMAIFHOCTH
WCIIOJIb30BaHUS PECYPCOB ISl JOCTHIKCHUS HEOO-
XOJOUMBIX pE3yJIbTATOB.

@yHITaMEHTaJbHBIM CBOMCTBOM TEXHOJIOTHYE-
CKOTO Tpoliecca ABIISETCS 0oJiee CIOXKHBIA aHaJoT
peHHI/IKaHI/II/I, a UMCHHO CTa6I/IHBHOCTb TEXHOJIOI'U-
yeckoro nporecca. [Ipu aTom nHOp™Manus, moiy-
YeHHasl B pe3yibTaTe CTATUCTUYECKOrO AaHAIU3a
TOYHOCTHU H CTa6I/IJIBHOCTI/I TEXHOJIOTHYECCKOT' O
mporiecca, MOXET OBITh HUCIIOJIH30BAaHA B KAUECTBE
apryMeHTa AJis PEryjsiTopa B CUCTEME YIPaBICHUS
C IO CHHTE3a COOTBETCTBYIOIIETO YIPABIISIO-
IIIETO BO3JICHCTBUS.

Metoapl KOHTPOJIS U YOPABICHUS] TEXHOJIOTH-
YEeCKUMHU MPOIEeCCaMH, KOTOpPbIE PEeNIaloT JIaHHbIC
HpO6HeMBI, I]_II/IpOKO HpI/IMeHHIOT B HpOMI)IIHJ'IeH-
HOCTH. MeTonuecKko OCHOBOM JAaHHBIX METOJIOB
SABIISIETCA MaTeMaTudeckas craTucThka. OCHOBHBIC
CTaTUCTUYECKUE METOIbI, KOTOPHIC HCIOIB3YIOT
B HpOMBIHIJIeHHOCTI/I, — 3TO BI)I60pO‘-IHI)Ie METOAbI
KOHTPOJISA, a TaKK€ METOJAbl aKTUBHOI'O KOHTPOJIS
TEXHOJIOTHYECKUX IIPOIecCOB. BrIiOOpouHBIE Me-
TOObI B OCHOBHOM HpI/IMeHSII-OT HpI/I HpI/IeMOT-IHOM
KOHTpOJIC JJIsi TPOBEPKU COOIIIOJICHUS TEXHUYE-
CKUX TpeOOBaHUH, TPEIBSBIAEMBIX K KadeCTBY

m3genuit [14, 16]. DT MeTombl HE OKa3BIBAIOT
HEIMOCPEJICTBEHHOTO BIUSHUS HA IPOU3BOICTBO
U3JeNU, a BBIABISIOT OpaK y:Ke rOTOBOM MPOAYK-
uuu [1, 8]. YuuTeiBas, 4To 4UCIO 00CITYKHBAEMBIX
OOBEKTOB Ha CTAHIHAX HE CTOJb BEJIHKO, Kak
B MPOMBILIICHHOCTH, CYHIECTBEHHOW MOTPEOHOCTH
B HCIOJBb30BaHUM BBIOOPOYHBIX METOJOB KOH-
TPOJIS AJISL YTIPABICHUS MU HET. AKTHBHBIN KOH-
TPOJIb HampaBiieH Ha oOecreueHne HeoOX0IUMOTO
KauecTBa MPOAYKIMM B CaMOM IIPOLIECCE IPOU3-
BOJICTBA, CHIDKEHHE MOTEph M3-3U Opaka W pacxo-
JIOB Ha KOHTPOJIb.

OfHMM W3 HIMPOKO HCIONB3YEMBIX HHCTPY-
MEHTOB CTaTHCTUYECKOI'O YIPaBICHUS TEXHOIOTH-
YEeCKUMH TIpOIleccaMu  SBIISIETCS TPEUIOKEHHAS
Yonrepom IllyxapTom KOHTposbHas Kaprta [24].
OTOT METOJl OCHOBBIBAE€TCA Ha METOAaX MPOBEPKHU
craructuieckux runore3. [Ipu aTom Teopus KoH-
TPOJBHBIX KapT BBIETSET JBa BHJIA BapuaOeIbHO-
CTHU WJIA U3MEHYMBOCTH. [lepBbIli BUJ — U3MEHYH-
BOCTh, BBI3BAHHAS CIYYalHBIMH MPUYAHAMHU (WX
TaK)Ke HA3BIBAIOT OOIUMH, €CTeCTBEHHBIMHU, BHYT-
PEHHUMH, HEKOHTPOJHMPYEMBIMHU). DTa W3MEHYH-
BOCTh OOYCIIOBJICHA HaOOpOM pPa3HOOOpa3HBIX
MIPUYWH, TPUCYTCTBYIOMINX ITOCTOSHHO, KOTOPBIS
HEJETKO WJIM HEBO3MOXKHO BBIABUTH. IIpemnmoro-
KEHO, YTO 3TH NPUYMHBI POPMHUPYIOT BHYTpEHHE
MNPUCYIIYI IPOLECcCYy U3MEHYUBOCTh. BTopoil Buz
BapnabeIbHOCTH TPEACTaBISAET COOOW peabHOe
HW3MEHEHHue B mpolecce. Takoe N3MEHEHHE MOYKET
OBITh CIEICTBHEM HEKOTOPBIX MPHYUH, HE TPUCY-
[IUX TIPOIECCy, KOTOPhIE MOXHO HACHTHUDUIHPO-
BaTb U yCTPaHUTh, 11O KpaillHEW Mepe Teopernye-
cku. [Iporiecc HaxOAUTCA B CTATUCTUYECKH YIPaB-
JIIEMOM COCTOSIHUW WJIH TIPOCTO YIIPABIIAEM, €CITH
M3MEHYMBOCTh BBI3BaHA TOJIBKO CIyYailHBIMU IIPH-
ynHaMH. Kak TONBKO 3TOT ypOBEeHb BapuabeIbHO-
CTH OIIpeNieNieH, Jr000e OTKIIOHEHHE OT HEero CUu-
TaIOT JEHCTBHEM OCOOBIX MPHYUH, KOTOPOE CIIETy-
€T BBISIBUThH M HCKIIFOUUTb.

B coBpeMeHHBIX yCIOBHUSX KOHTPOJBHBIE Kap-
ToI [llyxapTa mmpoko MCIONB3YIOTCA KaK Ha Mpo-
MBIIICHHBIX TPEINPUATHIX U aHaIn3a TeX HIIH
WHBIX TPOU3BOJICTBEHHBIX MPOIIECCOB, TaK U B 00-
pa3oBaHuM, MEIULMHE, cepe yCIyr, IpH aHATU3e
Ou3Heca, B rOCyIapCTBEHHOM YIPABICHUH H T. 1.
JetanpHblii 0030p HaydHBIX pabOT MO TpUMEHe-
Huto kapt llyxapra BbimosHeH AuiepoM H 1p.
B pabore [2]. [Tops1ok UCTIOIB30BaHUS KOHTPOIIb-
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HeIX KapT Illyxapra periaMeHTHpOBaH MEXIyHa-
ponubiM crangaproM [20]. OmHako B SKCILTyara-
IMOHHOW PaboTe KEJIC3HOJOPOKHOTO TPAHCIIOPTA
CTaTUCTUYCCKUE METOBI YIPABICHHS TEXHOJIOTH-
YECKHMH TPOIIECCAMU TIOKa HE MOIYUYHITH ITHPOKO-
ro npuMeHeHHs. J[aHHOMY BOIPOCY MOCBSIICHBI
CIMHUYHBIC Pa0OThI, MPEUMYIICCTBEHHO CBS3aH-
HbIe ¢ 0€30MaCHOCTHIO TPAHCHOPTHBIX MPOIECCOB.
B uactHocTn, CamconkuH u IletnHOB B pabote
[23] Ha ocnoBanum kapt lllyxapra paspabortanu
METOJ OICHKH COCTOSIHWSI MAIlHHHUCTOB. XaMMH-
nynuna u Tapacosa B pabore [17] kaptsr IllyxapTa
NPE/TIOKUIN HUCIOIB30BATh LISl YIPABICHHS PUC-
KaMu MNPOU3BOACTBCHHOI'0 TpaBMaTu3Ma Ha KE-
JIE3HOJIOPOKHOM TPaHCIIOPTE.

Takum 00pa3oM, BBITIONHEHHBIH aHATU3 Hay4Y-
HBIX pabOT MO YNPaBJICHUIO TEXHOJOTHYCCKUMU
MpoIeccaMyl  KEJIE3HOJOPOXKHBIX CTaHIIMK TIOKa-
3BIBACT, YTO JAHHAS MPOOJIeMa OKOHYATENHLHO HE
peuieHa ¥ TpeOyeT JOMOJHUTEIbHBIX HCCIEI0Ba-
HUA.

Hean

B nanHO# cTaThe aBTOpHI HpEANoOJararoT pas-
pa60TaTI) CTaTUCTHYCCKHUEC MCTOJABI KOHTPOJIA TCX-
HOJIOTHYECKMX TPOIECCOB PAaOOTHI JKEIEe3HOI0-
POXHBIX CTaHHI/Iﬁ Ha OCHOBAaHHUH KOHTPOJIBHBIX
kapr Illlyxapra.

MeTtoaunka

Jia ananmm3a BBIOpaH TEXHOJOTHMYECKUH TIPO-
IIECC TEXHUYECKOI'0 OOCIIy)KMBAaHUS BaroHOB TPy-
30BOr0 NO€3/a B MapKe OTHPABICHUSI COPTUPOBOY-
HOW cranmmu. lIpormecc TeXHHYECKOTo OOCITYKH-
BaHMs II0€37a II0 OTIPABJICHHUIO 3aKIHOYacTCs
B TEXHUYECKOM OCMOTpPE BaroHOB U YCTPaHEHUU
oOHaApYKEHHBIX HEWCIPABHOCTEH myTeM Oe30TIiie-
MOYHOTO WUJIM OTUENOYHOTO PEMOHTA.

Hopwmer [12, 13] yka3plBalOT Ha NPEICIIbHYIO
NPOJIOJDKUTEIBHOCTh ~ TEXHMYECKOIO0  OCMOTpa
U peMOHTa BaroHoB. HyXHO OTMETUTh, YTO HpO-
IIECC TEXHUYECKOTO OOCIY)KHUBAaHUS TOE3/I0B I10
OTHPABJIEHUIO MOJIBEP’KEH BIUSAHUIO 3HAUUTEIIHHO-
ro yucia (akTOpOB, U €ro MPOJOJDKUTEILHOCTh
SIBIISIETCS CIIy4allHOW BeJIMYMHOU. B 3THX yciioBuU-
SIX METOJIMKa KOHTPOJISI COOTBETCTBUA MPOJOIIKHU-
TEIHHOCTH TEXHUYECKOTO OOCITY)KMBaHUS IMOE3/I0B
YCTAaHOBJICHHOW HOPME OCTAaeTCsl HEOHATHOM, TaKk
KaK BEpPOSITHOCTh BbIXOJa CIy4aHOW BEJIMUYMUHBI 32

yKa3aHHbIE TPAHUIB HOPMATUBHBIMU JJOKyMEHTa-
MH HE ycTaHOBJeHa. bomee Toro, Texandeckoe 00-
CIIy’)KUBaHHE BaroHOB HA COPTHPOBOYHBIX CTaHIIU-
SX BBITIOJIHSIOT PaOOTHUKU BaroHHOTO XO3SHCTBA,
IpU 3TOM HOPMHPOBAHHE HMX INTATa OCYIIECTBIIS-
I0T MUCXOJS M3 BO3MOKHOCTH OOCTY)KMBaHUS TIO-
CTYHAIOIIETO YMCIIa BATOHOB B TEUEHHE CYTOK Oe3-
OTHOCHTEITBHO KO BPEMEHH OOCIY)KMBAaHHS OTEIIb-
HOTO TI0e3]1a.

B yuebnoit nuteparype [15] HopMy BpemeHH
Ha TEXHHYECKOe OOCITy)KHMBaHHE BaroHOB IPY30-
BBIX TT0€3/I0B MO OTIPABICHUIO TPAKTYIOT KaK Ipe-
JENBHYIO, & CPEIHIOI MPOIOJDKUTENLHOCTD OIle-
paiuu onpeestoT mo Gopmyie:

’COCM m TOCM m
tosp =(1-a)—+a fen +—2k . ()
p p

IJIe OL— JIOJIS COCTaBOB, TPEOYIOIIUX OE30TIeoY-
HOrO PEMOHTa BaroHOB; T, — CPEIHAA IIPOJIOJI-

KUTCJIBHOCTh TEXHUYECKOI'O OCMOTpa OJHOI'0 Ba-
TOHa, M — YHUCJIO BAarOHOB B COCTaBE I10€31a, krp —

KOJIMYECTBO I'PYMIl OCMOTPIINKOB BaroHOB B Opu-
rage [ITO; ., — cpenHss NPOAOIDKUTENBHOCTD

0€30TLEeOYHOr0 PEMOHTA BarOHOB, MPUXOIAIIAS-
Csl Ha OJINH COCTaB.

B [15] B kauecTBe mpumepa MPHUBEICHBI Clie-
OyIOLIME 3HaueHHs napameTpoB BelpaxkeHus (1):

o= 0,6; t= 0,96 mun, tpeM= 15 mun. Ilpu sTOM

HU B HOPMAaTHBHBIX JOKYMEHTaX, HU B Y4eOHOIi
JUTEepaType, HU B HAYYHBIX TPy/Aax HE yKa3aH I0-
PSIOK OLIEHKM ATHX MapaMeTpoB JUIsI KOHKPETHOU
CTaHIHH.

B nanHOM MccienoBaHuM paccMoTpeHa paborta
copTHpoBOYHBIX cTaHmmii Kiemapos (JIbBoBckas
xKene3Has nopora) u bamamkaper (AzepOaiimkan-
cKas Jkene3Hast jopora). OOpaboOTKy MOE3/I0B IO
OTIIPABJICHUIO Ha 00X CTAHIUSAX BBIMOIHSET OJI-
Ha Opuraga IITO B coctaBe omHOM rpymmsl. Tex-
HOJIOTHYeCKHe Tpoliecchl paboTsl craniuii Kinena-
poB u bamamxapsl coaepxar HOPMBI BpEeMEHH Ha
TEXHUYECKOE OOCITYy)KHBAaHHE MOE310B IO OTIpaB-
JICHHUIO, KOTOPBIE COCTABIISIFOT COOTBETCTBEHHO 45
1 48 MHH JUI1 COCTaBOB MOE37I0B U3 57 BaroHOB.

[IponomknuTenbHOCTh OOCTYKUBAHUS COCTaBa
rmoe3aa Opuraioi, cocrosimell 3 OAHON TPYIIIIHI,
MIPOTOPIIMOHATbHA YHACTY BarOHOB B HEM M MOXKET
OBITh YCTAaHOBJIEHA KaK:
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t06p =t, +tmm

t —

HK

rac 3aTpaTbl BpPEMCEHHM Ha BBIIIOJHCHUC

HaYaJIbHBIX M KOHEUHBIX OTICpaITnii;
T— CpeIHss MPOAOLKUTEIBHOCTh TEXHUYECKOTO
o0CITy’)KHBaHHS OJTHOTO BaroHa B TOE3/IE.

[IpumeM, uTO 3aTpaThl BpEMEHU Ha BBHIMIOJIHE-
HHAC HAYaIbHBIX M KOHEYHBIX OIEparvii IJIs pas-
HBIX TI0€3[]0B HW3MEHSIOTCA HECYIIEeCTBEHHO.
B 3Tux ycnoBusix MpOIOJBKUTEIBHOCTh TEXHHUYE-
CKOTO OCMOTpa U PEMOHTA, MNPUXOJAIIUECS Ha
OJIMH BaroH i-ro moesza, MOTyT ObITh YCTAHOBJICHBI
KaK:

t

T, =

o6p tHK

m

B pacuerax npunsro, yro t, =1 muH. B pe-

3yJIbTaTe HOPMAaTHBHAs NPOJOJDKUTEIBHOCTD TEX-
HUYECKOTO OOCIYyKMBaHMS OJHOIO BaroHa IS
craniuu Knemapos cocrasmsier 0,77 MuH, a s
cranuuu banamxkaper 0,82 MuH.

J1st OLCHKH MPOAOJDKUTENBHOCTH 00CTyK1Ba-
HUS BaroHOB MO OTIPABJICHUIO HAa OCHOBAaHUHU
KypHanoB (opmel BY-14 momydeHsl BBIOOPKH
3HAYEHUH MPOAOJDKUTENBHOCTH  OOCTYKMBaHUS
MOE3I0B M YHCIa BaroHOB B HUX. l'mcrorpamma
CIly4aiiHOHM BenM4MHBI 7; A1 cranuuu Knemapos
npeacTaBieHa Ha puc. 1, a, a i cranuuu banan-
XKapbl — Ha puc. 1, 6.
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[IponoKUTENBHOCTS TEXHUYECKOTO OOCITYKHU-
BaHUs BaroHa Ha craHuuu KiemapoB sBiseTcs
CIy4yallHOM BEIMYMHOM C IapaMeTpaMu: maTrema-
tuueckoe oxuaanue 1,00 MuH, cpeaHee KBaapaTH-
geckoe oTkiIoHeHme 0,211 wmuH, kKodddumment
acumMmetpuu 0,35, a Ha cranuuu bamamxapsl ma-
temaTrueckoe oxunmanue — 0,96 muH, cpenHee
kBagparndeckoe otkiaoHeHne — 0,051 muH, K03dh-
¢unuent acummerpuu — 1,58. Takum oOpazom,
IUIsL TIpoliecca TEXHUYECKOTO 00CIYKHBaHUS Baro-
HOB Ha craHuuu KienapoB mo CpaBHEHHIO CO
craniuedt bamamkapel XxapakTepHO OOJIBINIEEe Cpe-
Hee KBaJpaTH4YeCKOe OTKIOHEHHE MPOAOJIKHUTEINb-
HOCTH €T0 BbINOJHEHUS. [IprunHel paznuuuil cBs-
3aHBI C 0COOEHHOCTHIO PabOTHI PacCMaTPHUBAEMBIX
crannmid. Crannms Kienapor ¢opmupyer noesna
NpEeUMYIICCTBECHHO M3 TPAaH3UTHBIX BAaroHOB, IIC-
pepabaThiBaeMbIX Ha COPTHUPOBOYHOH  TOpKe.
B »TOli CcBSI3M A Hee XapaKTepHA OTHOCHUTEIIBHO
BBICOKasA BCPOATHOCTH IOSABJICHUSA BaroHoOB, TpeE-
Oyrommx pemoHTa. B To ke Bpems cranmus ba-
nazxapsl GOPMUPYET M0E3/1a U3 MECTHBIX BarOHOB
n3 BakMHCKOro TpaHCIOPTHOTO y3jda W TMpHIera-
IOLIMX KEJe3HOAOPOXKHBIX Yy4acTKoB. [Ipu 3TOM
KOHTPOJIb TEXHUYECKOTO COCTOSIHHMS BaroHOB OCY-
IICCTBIAIOT MPU HUX MPUEME U3 MMOABE3AHBLIX IIy-
TEH, YTO MPaKTHYECKH HCKIIOYAET IMONajaHue He-
HCHIPaBHBIX BAaroOHOB B COCTaBBI OTIPABIISIEMBIX
MOE3/10B.
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Puc. 1. 'ucrorpammsl pacnpeneneHus cirydailHON BeITMUUHBL:
a — crannus Knemapos; 6 — crannus bamamkapsl

Fig. 1. Distribution histograms of random variable:
a — Kleparov station; b — Baladzhary station.
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B oT0# CBA3M npu HOPMUPOBAHUHU TPOJIOKH-
TEJNBHOCTH TEXHOJIOTMYECKUX OIEpaluil Ha CTaH-
oUsIX 00s3aTeNFHO HYKHO POBOAMTH UX 00Cie0-
BaHHUE C LEJbI0 BBIBICHUS XapaKTEPHBIX OCOOEH-
HOCTEH pabOTEHI.

CpaBHeHHE peaNbHBIX MPOJOJDKUTEILHOCTEH
TEXHUYECKOTO OOCITYXKHBAaHUSI BaroHOB IO OTpaB-
JICHHIO Ha 00EHX CTaHLMSIX C HOPMAaTHBHBIMU 3Ha-
YEHUSIMH TIOKA3bIBAET, YTO OHH HE COOTBETCTBYIOT
apyr apyry. Tak, Ha cranuuu KiemapoB Hopma-
TUBHOE BpEMsI TEXHHYECKOIO OOCIyKMBaHUs Ba-
TOHOB OBUTO TpeBbIeHO B 83 % HaOIMOIaeMbIX
ciyyaeB, a Ha ctaHuuu banmamxkaper — B 100 %.
VY4uThIBas TO, YTO 00€ CTaHIUKM YCTOMYMBO pado-
TAIOT B TEYCHUE JJIUTEIbHBIX IIEPHOAOB, OCHOBHON
MPUYMHOW HECOOTBETCTBHS, MO-BUAMMOMY, SIBIISI-
I0TCSl HOPMBI, YCTAaHOBJICHHBIE 0€3 yueTa MECTHBIX
YCIIOBUiT paOOTHI CTAHIINI W METOJIOB KOHTPOJIS X
BBITTOJIHECHHUS.

Knaccnueckas kapra Lllyxapra — 3T0 rpaduk
3HAYEHUH ONpeAeTIeHHBIX XapaKTEepPUCTHK IOJ-
IPYI B 32aBUCUMOCTU OT WX HOMepoB. OHa uMeeT
nenTpaibHyo juHUI0 (CL), COOTBETCTBYIOIIYIO
STaJIOHHOMY 3HAUEHHWIO XapakTepucTtuku. [lpu
OLIEHKE TOT0, HaXOAUTCS JIM MPOLECC B CTATUCTH-
YeCKH YIPaBISIeMOM COCTOSIHUM, JTaJOHHBIM
OOBIYHO CIYXHUT cpegHee apu(MeTHYecKoe pac-
cMaTpHBaeMbIX JaHHBIX L. [Ipu ynpaBieHun mpo-
[[ECCOM B Ka4eCTBE 3TAIOHA MOXKET ObITh yCTAaHOB-
JIPHO 3HAa4YeHHE, KOTOPOE 3aaHO B TEXHHYECKHX
YCIIOBHSIX, HOMHHAJbHOE 3HA4YE€HUE, OCHOBaHHOE
Ha TpeApyled wHGOopMaluu O TpoLecce HIIH
HaMEUYEHHOE LIENEeBOE 3HAYCHUE XapPAKTEPHCTHKH
npoaykuun uiaun ycuyru. Kapra Hlyxapra umeer
JIBE CTATUCTHYECKHUE ONpe/iesieMble KOHTPOJIbHbBIE
IPaHMLIBl OTHOCUTENBHO LEHTPAIBHOW JIMHUH, KO-
Topble Ha3biBatoT BepxHel (UCL) u HibKHEH KOH-
TponbHoi rpanuieii LCL). KontponbHsie rpanu-
bl Ha Kapte Lllyxapra HaxomsTCs Ha PacCTOSHUM
30 OT IEHTPaJIbHON JTMHHH, TI€ G — FeHepaJbHOE
CTaHAAPTHOE OTKJIOHEHHE HCIIOIb3yEeMOH CTaTH-
ctukd. ['paHunpl £30  YKa3bIBalOT, YTO OKOIIO
99,7 % 3HavyeHWi XapaKTepUCTUKU MOATPYII IIO-
MayT B TH MPEJENbl IPH YCIOBUU, YTO TPOIIECC
HAXOJIUTCS B CTATUCTUYECKH YIPABISIEMOM COCTO-
sHuH. HaxoxneHue Bcex ToueK KOHTPOJIBHOM Kap-
THI MeXy KoHTponbHbIMU Tpanniamu UCL u LCL
MOXXHO  paccMaTpuBaTh Kak  CBHJIETECIHCTBO
HaXOXKACHUS IMpolecca B CTATUCTUYECKU YIIPaBILsi-

€MOM COCTOSHHMHU. [Ipm 3TOM CyIIecTBYeT pHCK,
paBubIi 0,3 %, 9TO HaHECEHHAs TOYKA OKAXKETCS
BHE KOHTPOJIHBIX TPaHUIl, KOTJa mpolecc cradu-
neH. Jlisg WHTeprpeTanuy XoJa TeXHOJIOTHYSCKHUX
MPOLIECCOB U MPOBEPKH HATMYHS OCOOBIX NMPHYHH,
BO3ACUCTBYIOMIMX Ha HEro, 001acTh MEXAy KOH-
tponbHbIMU TpanunamMu UCL u LCL gensar Ha
LIECTh 30H LIMPHHOW G, KOTOPBIE PacloiararTcs
CHMMETPHUYHO OT IeHTpatbHON muHuH CL:

—30Ha A: ot ut+26 1o u+3c;

—30Ha B: ot pto g0 ut+2c;

—30Ha C: oT U A0 U+G;

—30Ha C: oT u—G 10 L;

—30Ha B: ot p—20 10 p—o;

-30Ha A oT u—36 10 U-20.

VYka3aHHBIE 30HBI MTO3BOJISIOT YCTAHOBUTD IIPH-
3HAaK{d TOTO, YTO IMPOIECC HAXOIUTCS B CTATUCTHU-
94eCKH HeyNpaBisieMoM cocTostHUU. OIMH U3 BO3-
MOXHBIX HAOOpPOB TaKWX NPHU3HAKOB HPUBEICH
B pabote [25], B COOTBETCTBHHU C KOTOPO#i MpoLiece
HAXOJIUTCS B CTATUCTUYECKU HEYNPaBIISIEMOM CO-
CTOSIHUH, €CIIM Ha KOHTPOJIBHOH KapTe IpUCYT-
CTBYIOT CJICyIOLIHE PU3HAKH:

— XOTs1 ObI OJTHO W3 3HAUCHHH JIKHUT 32 30HOU
A, T. e. BbIle KOHTpOJbHOU Tpanunsl UCL wmm
Hmxke rpanuisl LCL (mpusnak 1);

— 9 Touek moaps NEKAT MO0 OAHY CTOPOHY OT
LEHTPaJIbHON JINHUY (TTPHU3HAK 2);

— 6 BO3pacTaromMX WK 6 YOBIBAIOIINX TOAPST
Touek (mpu3HakK 3);

— 13 momepemMeHHO BO3pacTalONIMX W YObIBa-
IOIINX TOCJIEIOBATENHHBIX TOYEK, HATTOMUHAIOIINX
MePHOINYECKHIA TIporiecc (Tpu3HaK 4);

— 9 mocienoBaTeNbHBIX TOYEK, NEPUOAMYHO
HaXOJSIIIUXCS BBIIIE M HIDKE EHTPAIbHON JTHHUH
(npuzHak 4a);

— 2 w3 3 moCleloBaTeNbHBIX TOYEK JIeKAT
B OJIHOM U3 30H A (TIpu3HaK 5);

— 4 w3 5 mocienoBaTeNbHBIX TOYEK JIEKAT
B 30HE B miin BHE ee B 30HE A 0 0/IHY CTOPOHY OT
cpenHeil muHuM (pU3HaK 6);

— 13 mocnenoBaTenbHBIX TOYEK B 30HE C BBIIIE
U HWXKeE CpeJHel JIMHUK (TIPU3HAK 7);

— 5 mocnenoBaTenbHBIX TOYEK 10 00EUM CTO-
pOHaM cpelHeH JIMHUY U HU OjHOM B 30HE C (TIpH-
3HaK 8§).

TexHonmornyeckue Mmporecchl padoThl Kemes-
HOJIOPOKHBIX CTaHIIMH UMEIOT PsJi XapaKTepHBIX
OCOOCHHOCTEW 10 CpPaBHEHHIO C OOJBITUHCTBOM
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TEXHOJIOTMYECKUX IPOLECCOB INPOMBIIIIEHHOCTH,
JUTSL KOTOPBIX IPUMEHSIOT METObI CTATUCTUYECKO-
ro ynpaBieHHs. DTO CBA3aHO C TEM, YTO HOPMHPY-
€MBIM IapaMeTpoOM i CTaHLIUHN SBIAETCA IpPO-
JNOJDKUTENBHOCTh  TEXHOJIOTHYECKUX — OIEparvi,
a He TeOMETpUYECKHUE pa3Mepsl uznenuil. Tak, Mu-
HUMaJIbHasg TPOJOKUTEIBHOCTh TEXHHUYECKOTO
00CIIy’)KUBaHHSI BAaroHOB OIPaHMYEHAa CKOPOCTBHIO
MpOX0Jia OCMOTPIIMKA BJOJL COCTaBa, a J0Js Ba-
TOHOB C TEXHUYECKUMH HEUCHPABHOCTSIMU OTHO-
CUTEIIHO HEBENMKa. B 3TOH CBA3M BO3MOXHOCTH
YCKOPEHUSI MPOJNOJDKUTEIBHOCTH TEXHHYECKOTO
OOCITy’)KUBaHHsI BaroHOB OTHENBHOTO MOe3Ja II0
CPaBHEHHIO CO CpPeIHUM BecbMa orpaHuueHa. B to
K€ BpeMs TaKHe MPHUYUHBI, KaK MOSBICHUE Baro-
HOB C TEXHHYECKUMH HEUCIPABHOCTAMH, MOTYT
BBI3bIBATh 3HAUUTENIBHOE YBEIWYEHHE IMPOJOIKU-
TEIBHOCTH TEXHOJIOTHYECKUX TNporeccoB. [loaro-
My, KaK [paBUJIO, Uil CIy4YalHON BEIMYUHBI MPO-
JOJDKUTEIBHOCTH TEXHOJIIOTHYECKUX MPOILIECCOB Ha
JKEJIE3HOAOPOXKHBIX CTAHIUAX XapaKTepHa achM-
METpHs, U OHA HE NOJABEPKEHA HOPMAIBHOMY 3a-
KOHY pacnpeneneHus. B 3Toi cBsi3u MOPSAOK IIO-
CTPOCHUS KOHTPOJIBHBIX KapT TpeOyeT MonuguKa-
LUH.

PesyabTaTsl

YuuTeiBas, 4TO KOHTPOJHMPYEMOMN XapaKTEpu-
CTHUKO# TEXHOJIOTHYECKUX MPOIIECCOB JKEIE3HOIO0-
POKHBIX CTAHIMI SBISETCS HX IMPOJIOJDKUTENb-
HOCTb, KOTOpasi MU3MepsieMa, TO Ui CTaTUCTUYe-
CKOTO YMpPABICHUSI UMH MOTYT OBITh HCIIOJIb30Ba-
Hbl  KOJMYECTBEHHBIE  KOHTPOJIbHBIE  KapThl
WHIMBUIYaIbHBIX 3HAUCHHH.

B ciyuae, eciu npogoIKUTEIBHOCTD TEXHOJIO-
TUYECKOro mporecca X MoAYMHEHa Jorapupmuye-
CKH — HOPMAaJIbHOMY 3aKOHY PAacCIIpeAeNIeHHUs, JUIs
OMpe/IeieHHsT KOHTPOJIbHBIX TPAaHHUI[ MOYKHO HC-
MOJIB30BaTh IAapaMeTpbl CIyYailHOHl BEIUYUHBI
Y = In(7), ee maremaTH4yecKkoe OXUIAHHE L
U CcpejiHee KBaJpaTHYecKoe OTKIOHeHHe G. lleH-
TPAJIbHYIO JIMHHIO KOHTPOJIBHOM KapThl MPOBOJIST
Ha ypOBHE €", KOHTPOJIbHBIC TPAHHIIBI — HA YPOB-
HAX €**3° M rpaHHMIIBI 30H — HA YPOBHSX €°°2° p eH*c,
JIst OLIEHKH TapaMeTpOB paclpe/IeIeHUs BEINYH-

Hbl Y Ha Ha4daJbHOM JTalle BHEAPCHHUS METOJOB
CTaTUCTUYECKOTO YIPABIECHUs 11€JIecO00pa3HO Huc-
MOJIb30BaTh UHPOPMAIMIO O MpPEIbIAYIIEM HpoTe-
KaHHH TEXHOJIOTHYECKOTO TpoIecca.

Ha ocHOBanmm 006paboTKu  pe3ynbTaToOB
HaOJI0ACHUH OTIpeEIIEHO MOJIOKEHHE
KOHTPOJBHBIX TpaHull Juis cTaHuui Kiemapos
u banamxapel. IIpu ompeneneHuu MmapaMeTpoB
pacnpenenenus it ctanuuy Kienapos u3 Be16op-
KM HUCKJIIOYEHBI 3HaueHus menble 0,5 MUH Ha Ba-
rOH. DTO CBS3aHO € T€M, YTO CPEOH HaOII0AaeMbIX
3HA4YeHUIl He OBIJIO HU OJHOT0, KOTOPOE MONaAaeT
B untepBan 0,5-0,6 mun Ha BaroH. Ha cranium
Banamkapel He ObIIO HAOMIOJCHUN TNPOBEACHUS
TEXHUYECKOT0 0OCTYKHBAHUS C TAKOH CKOPOCTHIO.

s cranmmu banamkapbl U3 BEIOOPKH HCKITIO-
YEeHO 3HaueHHe CpeaHEeHl MpPOAOIIKUTENIEHOCTH
OCMOTpa BaroHoB B Ioe3ze, paBHoe 1,26, koTopoe
KJIaccu(UIMPOBAHO KAaK HETUIIMYHOE H3-3a Ipe-
BBIIICHNS BEpXHEH KOHTPOJIbHOW IPAHMIIBL.

[lorydyeHHBIE KOHTPOJIBHBIE KapThl IJs CTaH-
uuid Knenapos u banamkapel npencTaBieHbl COOT-
BETCTBEHHO Ha PHUC. 2, a U 0.

B 00oux ciydasx TEXHOJOTHYECKWH Tpoliecc
MOJKET OBITh OXapaKTepPHU30BaH KaK CTATHUCTHYECKH
HEYTPaBISIEMbIil, YTO XapaKTepHO I CIIy4aes,
KOrI'/la KOHTPOJIbHBIE KapThl CTPOAT BIEpBble. AHa-
JIN3 KOHTPOJIbHOM KapThl it ctanuuu Kiemapos
[TOKAa3bIBAET, YTO HMMEIOT MECTO Clydaill BbIXOJa
CPEeIHEro BPEMEHH OCMOTpa BaroHa B IIO€37€ 3a
npenensl HWKHEH KOHTPOJBbHOM TIpaHMIbl (IIpHU-
3HaK 1). Kpome TOrO, IMEeT MecTo ciydJai mecTu
BO3PACTAIOIIMX TMOAPSA Todek (mpu3Hak 3). AHa-
JIN3 KOHTPOJBLHOM KapThl AJis cTaHLMU banakapbl
[TOKAa3bIBAET, YTO HMMEET MECTO Cilydail BBIXOJa
CPEeIHEro BPEMEHHM OCMOTpa BaroHa B IIOe37€ 3a
mpeneisl BepXHEH KOHTPOJIBHOW T'paHHUIbl (MpH-
3HaK 1).

B nanpHeiimem npu pazpaboTke KOHTPOJIBHBIX
KapT A KOHTPOJISL M YIPaBJIEHUS TEXHOJIOTHYe-
CKHMH TIpOIlecCaMi >KEJIE3HOJOPOKHBIX CTaHIUH
MO>KHO YCTaHABIIMBATh MPOTPECCUBHBIE HOPMBI Ha
OCHOBaHMM CTaTHCTUYECKOTO aHajlu3a pe3yJbTa-
TOB pabOTHl pa3HBIX CMEH JTHOO Pa3HBIX CTAHIUN
C M0100HON TEXHOJIOTHEH.
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Puc. 2. KouTposbHas KapTa JJis CTATUCTUYECKOTO YIIPABJICHUS TEXHOJOTHYECKUM MPOIIECCOM
TEXHUYECCKOT'O 06CJ’Iy)KI/IBaHI/I5I TIO€310B I10 OTIIPABJICHUIO:
a — crannus Knenapos; 6 — crarnus bamamkapst
Fig. 2. Control chart for statistical managment of the technological
process of technical maintenance of trains by departure:
a — Kleparov station; b — Baladzhary station
TPOJb  NPOJOJKUTEIBHOCTA  TEXHOJIOTHMYECKUX

Hayqﬂaﬂ HOBU3HA U MPAKTHYCCKas]
SHAYUMOCTH

B nanHO# pabGoTe BIEpBbIe MPEAJIOKEH METO]
YIPaBJICHUS] TEXHOJOTMYECKUMH MPOLIeCCaMU Ke-
JIE3HOJOPOXKHBIX CTAaHUUN, OCHOBAaHHBIM Ha HC-
M0JIb30BaHUU KOHTpoJbHBIX KapT [lyxapra. [Ipu-
MEHEHHE MPEUIOKEHHOTO METOJA II03BOJISET,
C OJHOH CTOpPOHBI, AJEKBATHO BBINOJHATH KOH-

oTiepaIuii, MpeaCTaBIISIFOINX COOOH, KaK MPaBHUIIO,
CIIy4aliHbIe BEJIMYMHBI, a C JPYTrOil — OILICHUBATh
BO3MOXKHOCTh Peaju3al[iil YCTAaHOBJICHHBIX TEXHO-
JIOTHYECKUMH TIpolieccaMu HopM. Ha sxenesHono-
POKHOM TPAHCIIOPTE HAJAXKEH CUCTEMAaTHYCCKHMA
cOoop mHbOPMAIINH O XOJ€ TEXHOJOTHIECKUX TIPO-
[IECCOB, KOTOPBI B 3HAYMTEIILHOM YHCIIE CITy4acB
b0 yXKe aBTOMATH3UPOBaH, JIMOO MOJICKHUT aB-
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tomatm3anud. [loaTOMy BBeleHHE HOBBIX CTaTH-
CTHYECKAX METOJOB KOHTPOJS TEXHOJIOTHYECKHX
MPOIIECCOB B OCHOBHOM OyJeT CBs3aHO C paspa-
00TKOIl HOPMATHBHBIX JOKYMEHTOB, COBEpIICH-
CTBOBaHHEM TIPOTPAMMHOTO oOecredeHusT nHpop-
MAaIlMOHHBIX CHUCTEM, OOYYCHHMEM IepPCOHAIA, YTO
HE TPEAIoJiaraeT 3HAYUTEIbHBIX YKOHOMUYECKHX
pacxomoB. Oprann3anus HAKOTUIEHUS! CTAaTHCTHYE-
CKOI MHQOPMAIMU O XOJ€ BHITIOTHCHUS TEXHOJO-
THYECKHUX IPOILECCOB TaKXKE IO3BOJIUT CYIIE-
CTBEHHO VYIPOCTHUTH IIOCTPOCHHE aJeKBaTHBIX
MMUTAIMOHHBIX MOJIeNiel, YYUTHIBAIOIINX CTOXa-
CTUYHBINA XapakTep (PYHKIMOHUPOBAHUS JKEIC3HO-
JIOPOYKHBIX CTAHIUMU.

BriBoabI

BrimmonHeHHBIC MCCIECAOBAHUS MO3BOJISIIOT ClE-
JIaTh CJIEIYIONIUE BBIBOIBI:

1. CymecTtByromue METOBI KOHTPOIIS
M YNpaBICHUS TEXHOJOTHYECKUMH TIpOIleccaMu
JKEJIE3HOIOPOKHBIX CTAHIIMH OPUEHTUPOBAHBI HA
BBIIIOJIHEHHE TUIAHOBBIX KOJIHMYECTBEHHBIX ITOKa3a-
TeJe W He MO3BOJISIOT OIIEHNBATh AP (EKTHBHOCTD
pabOThI CTAHIIUH IO OTHOLICHHUIO K OTICIILHOM Tie-
peBo3ke. Kpome Toro, ist Takoro moaxo/a Xxapak-
TepeH 3HAUYNTENbHBIA YPOBEHb CYObEKTHBH3MA KaK
MpU yCTAHOBJIECHWHU IUIAHOBBIX IIOKa3aTeNieh, Tak
U TIpU OIIEHKE PEe3yJbTaTOB PabOThI KEJIE3HO0-
POXHBIX CTaHUUH. B 3TOIl CBA3M NpuUMEHsEMbIe
METOJIbI KOHTPOIISL M YIPABICHHUS TEXHOJOTHYE-
CKHMH TIPOIIECCAMH JKEJIE3HOAOPOKHBIX CTAHIIUHA
TpeOYIOT COBEPIIEHCTBOBAHUSI.

2. OCHOBHBIM KpHUTEpUEM IS OIIEHKH Ka4ecTBa
BBITIOJTHEHHSI TEXHOJOTHYECKHX MPOLECCOB, CBS-
3aHHBIX ¢ 00pabOTKON MOE3/10B, BArOHOB, JIOKOMO-
THBOB, KOHTCHHEPOB, TPY30B, JOKYMEHTOB M WH-
(dopMarmy Ha >KeIe3HOTOPOKHBIX CTAHIUSAX SBIIS-
eTcsd UX MPOJOJDKUTENBHOCTh. YUYHUTHIBAsl TO, YTO
3aTpaThl BpEMEHH Ha 00pabOTKy yKa3aHHBIX O0b-
eKTOB SBJISIOTCS CIyYalHBIMHM BEIHMYMHAMH, [UIS
KOHTPOJISI U yNIPaBICHHUS TEXHOJIOTHYECKUMH TPO-
LeccaMM CTaHIMU 11e71eco00pa3HO HUCIMOJIb30BaTh
CTaTHCTHYECKUE METO/IBI, B YaCTHOCTH KapThl Lly-
Xapra.

3.Ha ocHoBanmm aHaimza UHQOPMALIH
0 TpenbiaylieM MPOTEKaHWU TEXHOJIOTUYECKOro
mporecca OOCTy)KMBAaHUS TPY30BBIX IIOE3[0B IO
OTIpaBJCHUIO Ha cTaHuusx Kienapos u banamka-
PBI TOCTPOECHBI KOHTPOJIbHBIE KapThl Lllyxapra ams
X CTaTUCTUYECKOTO KOHTPOJIA. YCTaHOBIICHO,
9TO, BO-TIEPBBIX, B O0OHMX CITydasx TEXHOJIOTHYE-
CKHE TIPOIECCHl SIBISAIOTCS CTATHCTHYECKH He-
YIPaBISIEMBIMH, a BO-BTOPBIX, HMEIOTCS CyIIle-
CTBEHHBIC PA3IMYMSI MEXKTY 3aJ0)KEHHBIMU B TEX-
HOJIOTHYECKHE TpOoLecCchl paboThl CTaHIMH HOP-
MaMH WU PEalTbHOW  MPOAOIKUTEIHLHOCTHIO
00CITy>KNBaHUS MTOE3/I0B 10 OTIPABIICHHUIO.

4. BHenpeHne ~ CTaTUCTHYECKHX  METOJIOB
yIpaBieHUS TEXHOJIOTHUYECKUMH MPOIIECCaMU Ke-
JIE3HOJIOPOXKHBIX CTAHIMH MOXKET OBITh pean3o-
BAaHO Ha OCHOBE MMEIOLIMXCS aBTOMAaTHU3UPOBAH-
HBIX CHUCTEM YIIPaBJICHHMS, YTO HE CBS3aHO CO 3Ha-
YUTEIHHBIMU KalUTATBHBIMHA PAaCXOJaMH, a TaKkKe
yBEJIMYEHHEM HArpy3KH Ha MEpCOHAJ CTaHIHH.
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OPI'AHIBANIIISI KOHTPOJIIO TEXHOJIOI'TYHUX ITPOIECIB
SAJIIBHUYHUX CTAHIOIN HA OCHOBI CTATUCTUYHUX METO/IIB

Mera. V¥ wmiif cTtaTTi aBTOpH mepen0davaroTh PO3POOUTH CTATHCTHYHI METOIH KOHTPOJIO TEXHOJIOTIYHUX TPOIIe-
ciB poOOTH 3aTi3HHYHMX CTaHIIM HA OCHOBI KOHTPOJIbHUX KapT Illyxapra. Meroauka. JIoCIiIKeHHS B CTATTI BUKO-
HAHO HAa OCHOBI METO/IIB CTAaTHCTHYHOI'O KOHTPOJIIO SIKOCTI W Teopii ekcrutyartanii 3ani3Hune. Pesyabraru. HassHi
METOJU KOHTPOJIIO BUKOHAHHS TEXHOJIOTIYHHX IPOLECIB 3ali3HUYHUX CTAHIIH OPI€HTOBaHI Ha JOCSATHEHHS KiIbKic-
HUX MOKa3HUKIB IX poOOTH 32 0€3yMOBHOI'O BUKOHaHHS HEOOXITHOTO IepelliKy TEXHOJIOTIYHMX ONepaliil i 1oTpu-
MaHHSI BUMOT Oe3IeKu pyXy Mmoi3ziB. Y Toil ke 4ac mpobieMa KOHTPOIIIO TOTPUMAHHS SIKICHUX MMOKa3HUKIB poOOTH
CTaHIii BUMarae JI0JaTKOBUX IOCITiKeHb. OCHOBHUM KPHUTEPIEM IS OIIHKH SKOCTI BUKOHAHHS TEXHOJOTIYHUX
MIPOIIECiB, IMOB’sI3aHUX 3 00POOKOIO MOi3/1iB, JOKOMOTHBIB, BArOHIB, KOHTCHHEPIB, BAHTAXIB, TOKYMEHTIB Ta iH(OP-
Marii Ha 3aJTi3HUYHHX CTaHIIAX € iX TPHBAJICTh. 3 OTJISAY Ha Te, MO BUTPATH 4Yacy Ha oOpoOKy 3a3HaYCHHX
00’€KTIB € BUIIAJIKOBUMH BEIMYNHAMH, [UJIs1 KOHTPOJIIO i YIPaBIiHHSA TEXHOJIOTTYHUMHE MPOIECAaMU CTAHIIH y CTAaTTi
3alpPOIOHOBAHO BUKOPUCTOBYBATH CTATHCTHYHI MeTO/IH, 30kpemMa kaptu Illyxapra. SIk mpukiaj po3risiHyTo mpoiie-
CH TEXHIYHOTO OOCITyrOBYBaHHS BaroHiB BaHTAXXHUX IT0i3]iB O BifIpaBicHHIO 1 moOymoBano kaptu Illyxapra mis
cranniii Knemapis i banamkapu. AHaniz poOOTH 000X CTaHINH MOKa3aB HAasSBHICTH iCTOTHOTO BIUIMBY MIiCIICBHX
YMOB Ha TPUBAJICTh TEXHIYHOTO OOCIYTOBYBaHHS COCTABiB MOT3/IiB IO BiAIPABJICHHIO, @ TAKOX 3HAYHI BiIXHUICHHS
MK HOro HOpMaTUBHOIO Ta (hakTHYHOIO TpuBaidicTio. HaykoBa HOBH3HA. Y wiil poOoOTi BIieplie 3alpoONOHOBAaHO
METO/ YIPABJIiHHS TEXHOJOTTYHUMH MPOIECAMH 3aTi3HUYHUX CTAHI[IH, 3aCHOBAHUI HAa BUKOPUCTAHHI KOHTPOJIBHUX
kapt Ulyxapra. [IpakTHYHA 3HAYUMIiCTh. 3aCTOCYBaHHS 3aIPOIIOHOBAHOTO METOJy J03BOJISIE, 3 OJTHOTO OOKY, aje-
KBaTHO 3/1iHCHIOBATH KOHTPOJIb TPUBAJIOCTI TEXHOJIOTIYHUX MPOLIECIB Ta OKPEMHUX TEXHOJOTIUYHHX ONepaliii, 1110, K
MPABUJIO, € BUIMAKOBUMHU BEJIMYMHAMH, a 3 1HIIIOI'O — OI[IHIOBATH MOXJIMBICTH peaji3allil BCTAHOBJICHUX TEXHOJIOT-
YHUMH TIporiecaMd HOpM. OKpiM TOTO, OpraHi3amis HaKOMUYEHHsS CTaTUCTHYHOI iH(oOpMaIlii mpo XiJg BUKOHAHHS
TEXHOJIOTIYHUX TPOIECIB TAKOXK TO3BOJHUTH ICTOTHO CIPOCTUTH MOOYIOBY aJIeKBATHUX IMITAIMHUX MOZEICH, 110
BPaxOBYIOTh CTOXACTUYHHUI Xapakrep GYHKIIIOHYBAHHS 3aTi3HUYHUX CTAHIIIM.

Kniouosi cnosa: 3ami3sHUYHUI TPAHCHOPT; 3aJi3HUYHA CTAHIliS; TEXHOJOTIYHUIN MPOLEC; CTATUCTUYHHUNA KOHT-
poJb sikocTi; kaptu Lllyxapra
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CONTROL ORGANIZATION OF TECHNOLOGICAL PROCESSES OF
RAILWAY STATIONS ON THE BASIS OF STATISTICAL METHODS

Purpose. The article is aimed to develop statistical methods for monitoring the technological processes of rail-
way stations™ operation based on Stewhart charts. Methodology. The research is based on the methods of statistical
quality control and the theory of railways operation. Findings. Existing methods for monitoring the implementation
of technological processes of railway stations are focused on achieving quantitative indicators of their work while
unconditionally fulfilling the necessary list of technological operations and observing train movement safety re-
quirements. At the same time, the problem of monitoring compliance with quality indicators of railway stations®
operation requires additional research. The main criterion for evaluating the quality of technological processes asso-
ciated with the processing of trains, locomotives, cars, containers, cargoes, documents and information at railway
stations is their duration. Considering that the time spent on processing these objects is random, it is proposed to use
statistical methods, in particular, Stewhart charts, for monitoring and controlling the technological processes of the
stations™ operation. As an example, we discussed the processes of maintenance of freight train cars after departure
and constructed Stewhart charts for Kleparov and Baladzhary stations. Operation analysis of both stations showed
a significant influence of local conditions on the duration of train maintenance by departure, as well as significant
deviations between its standard and actual duration. Originality. For the first time this paper proposed a method for
controlling technological processes of railway stations based on the use of Stewhart control charts.
Practical value. Application of the proposed method makes it possible, on the one hand, to adequately control the
duration of technological processes and individual technological operations, which are usually random variables,
and on the other hand, to evaluate the feasibility of implementing the norms established by technological processes.
In addition, the organization at the stations of accumulating statistical information on the progress of technological
processes will also significantly simplify the construction of adequate simulation models that take into account the
stochastic nature of railway stations™ functioning.

Keywords: railway transport; railway station; technological process; statistical quality control; Stewhart charts
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INVESTIGATION OF THE INFLUENCE OF THE ROLLING STOCK
DYNAMICS ON THE INTENSITY OF USING THE RAILWAY TRACK
ELEMENTS

Purpose. The main purpose of this work is to research deformability parameters of the railway track under
various operating conditions as the initial data for the formation of forced oscillations of rolling stock and the
trackform use intensity. Methodology. For the research, an original model of the trackform, described with using
the basic concepts of the theory of elasticity and the propagation of elastic waves was developed. Findings. It has
been established that the ratio between the intensity of work of elements and the trackform, as criteria for
deformability, can be used as the estimated parameters of the functionally safe operation of the track. It can be the
basis for the classification of critical track states under which it had to perform work to restore its working capacity
in order to ensure the required level of efficiency of use construction during the service life. Originality. Trackform
and parameters of the elements of the track superstructure and substructure can be described using the railway tracks
deformability behaviour. In the future this conclusion will help to increase the efficiency of the dynamic properties
of rolling stock when designing and maintain in readiness the infrastructure while in operation.
Practical value. Changes in the regulatory framework of rail transport in recent years provide for the observance of
its functional safety, therefore, the question of the need to assess the impact of rolling stock on the way to be
regarded as a dynamic process with consideration to the deformability resistance track. This research provides a
basis for record of the stiffness of deformation that allows creating the regulatory framework for the functional
safety of the railway track in Ukraine.

Keywords: trackform; deformability parameters; oscillation; deformability of the railway track

rolling stock. The use of the aforesaid track
Introduction structure components completely provided the
superstructure strength under the weight of
a rolling stock. From 70s of the last century, the
new requirements were forming, and it has resulted
in approving the international standards such as
IEC 62278:2002, EN 50126-1-2017, EN 50126-2-
2017 and IEC 60300-3-3:2017.

The modern requirements for transport system
maintenance strategy are directed for minimizing
the lifecycle cost, and for maximizing the
reliability, availability, maintainability and safety
(RAMS) of the transport systems. All the issues
related to defining the functionally safe operation

The issue of providing the reliable and safe
operation of the railway track and rolling stock
during their interaction has existed since the
introduction of railway transport. The requirements
for the said objects of interaction were forming
gradually and depended on the level of knowledge
and technologies. Thus, before introduction of rails
of P50, UIC60, P65 types and reinforced concrete
sleepers in the trackform, the main requirements
were the provision of railway track element
strength and the track panel stability under the
influence of increasing loads and speeds of the
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of transport systems imply the study and
evaluation of dynamic processes resulting from the
interaction in time between the railway track and
rolling stock. The influence of dynamic processes
in time becomes decisive while assessing the
functionally safe operation of modern speed
projects such as «Aero Train» (Yasuaki Kohama),
«Hyperloop» (Elon Musk). In order to ensure the
functionally safe operation of any transport system,
it is required to know which changes occur in its
elements in time and how the functionally safe
status of each element as well as their aggregate
affect the system’s operation. Indeed, in order to
predict the operation of subgrade under actual
climate and service conditions, it is required to
consider in time the process of permanent
deformation accumulation in it. In other words, it
is required to figure out the following issues:
a) which changes occur in the subgrade as a result
of multiple force impact by a rolling stock with
respect to the change in temperature and soil
moisture; b) how the process of change in
temperature and moisture in the subgrade occurs
under the influence of force, electromagnetic and
gravitational fields.

The influence of force fields in the hard texture
elements is researched insufficiently. The study of
stress-strain state of the railway track elements
results in identifying the peak stresses and
deformations while using the full force value. The
deformability of the railway trackform as the
aggregate of deformations and shifts is presented
as an influence line (field, when the finite element
method is used). It is considered that the influence
line shifts together with the force motion. In all the
mathematical models of railway track calculation,
it is taken that the influence of force field spreads
evenly in all directions, i.e. the principle of force
field transfer is used due to longitudinal waves
how it occurs in liquid and gaseous media. The
influence of longitudinal waves is not taken into
account in the models. It may cause the error
during calculation because it does not allow
reflecting the physical process of transferring the
force fields in the solid bodies and between them.

While running the test on the rolling stock’s
influence on the railway track, a huge number of
statistical data on strain-stress state of the track
have been obtained. They describe different
deformability of the same length of the track under

the influence of the same rolling stock. The
different statistical data are conditioned by the
process of mutual influence of the rolling stock and
the railway track. We consider next the issue of
analyzing the parameters of railway track
deformability under various operating conditions
as the initial data for forming the forced
oscillations of the railway rolling stock and the
intensity of using the trackform elements.

Purpose

The main purpose of this work is to study
deformability parameters of the railway track
under various operating conditions as the initial
data for the formation of forced oscillations of
rolling stock and the intensity in the use of
elements of the trackform. The object of the study
is the process of mutual influence of the railway
rolling stock and the track. The subject of the study
is the deformability of the railway track under
various operating conditions as a factor in the
formation of dynamic irregularities.

Methodology of investigation

The main macro indicators of the operation of
the railway transport infrastructure are the
availability and economic efficiency coefficients.
Currently, many studies have been devoted to the
problems of studying the mathematical description
of perturbations acting on the track and the crew
during their interaction [2-3, 5-23]. Each article
adds an important part of the overall process of the
track and rolling stock interaction. Articles [2, 5-6,
10, 12, 13, 15-17, 20, 21-23] focus on analysing
the  simulation  results  delivered  with
implementation of the mathematical models of the
rolling stock: for transport carriages [2, 5, 22], for
real locomotives [6, 13, 16, 20, 21], for
locomotive-roller rig coupled system [9], for
general rail vehicle [10, 12, 15, 17, 23]. Paper [3]
describes the mechanism of transferring force from
the rolling stock to the trackform. The simplified
method to determine a vertical impact force of the
wheel with flat and rail interaction is presented in
this article. This article demonstrates the influence
of the wheel with flat geometrical parameters,
speed of a vehicle to maximum contact force and
its distribution in the contact zone. Articles [7, 11,
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14, 16, 18, and 19] are dedicated to studying the
track and the rolling stock interaction.

The numerical model [7] is subsequently used
to determine the track vertical and lateral stiffness.
The work [11] proposes a computational
methodology to study how the varying vehicle
component characteristics, on normal and degraded
conditions, impact on the vehicle/track interaction
loads and on the track damage. The paper [14]
proposes an approach for the validation of railway
vehicle models based on on-track measurements.
The tasks that are addressed in the research [18]: to
perform tests at track irregularities of symmetrical
sinusoidal shape running both along straight and
curved tracks, as well as driving over the junctions
along the straight and curved tracks, and compare
the results. A novel wheel-rail contact model [19]
is proposed to be implemented for multi-body
dynamics simulation, in order to facilitate accurate
online calculation of damage phenomena such as
wear and rolling contact fatigue.

The above articles studies are very important
issues, but they apply some of the approaches that
restrict their research. Modern theoretical models,
which study the track and rolling stock interaction,
means and methods of recording oscillations used
in experiments, while studying the track and
rolling stock interaction, or assessing geometrical
track states, have no mechanism for determining
the source of vibration and the nature of the
process of transferring these vibrations to the
«rolling stock-track systemy». Consequently, the
oscillograms of the railway track contain the
superposition of both the impact of the rolling
stock on the track and the response of the track,
taking into account its deformability. The
oscillograms on the rolling stock contain
a superposition of both the impact of the rolling
stock on the track and the other way round. These
perturbations are not classified according to
physic-mechanical and geometric characteristics of
railway track construction elements that determine
its deformability. Thus, changes in the conditions
of rails and wheels contact with their tortuous
motion remain unconsidered. Therefore, firstly, it
has become necessary to study the mechanism of
transferring force from the rolling stock to the
trackform and vice versa in time. Secondly, there
was a need to study the physics of the oscillation
process and to differentiate the vibrations from the

physical-mechanical and geometric characteristics
of the elements of the construction of the railway
track, which determine its deformability.

Based on the experience gained, a model was
developed for determining the processes of
deformative operation of the railroad track [1, 4, 8].

The original model was created for
investigating the dynamic problem of railway track
deformability under the influence of the rolling
stock. It applies the basic provisions of the theories
of elasticity and propagation of elastic waves.

In the model, it is taken that the track and
rolling stock interaction occurs by means of
impulses. The impulses are transmitted via bond
pads conditioned by the position of a wheel set
along the track. The impulse duration is
characterized by the time of transferring the load
from the rolling stock to the rail and depends on the
rolling stock speed. Any dynamic force is
characterized by the impulse transmission frequency
on a particular bond pad and by the impulse
repetition frequency in particular section [1, 4, 8].
The impulses are characterized by the law of force
change and the law of force intensity change in a
contact time. A local system of force coordinates for
each propagation of oscillations is always
positioned in such a way so that the x axis coincides
with the direction of force motion and the z axis —
direction of force action. An explanation to the
directions and angles is given in Fig. 1.

Fig. 1. Determining the directions and angles of
oscillations propagation

Components of the wave vector along the axes
of coordinates that define the plane of equal phases
and amplitudes of oscillatory motion depend on the
position of a local coordinate system of the force
relative to the basic coordinate system of the
structure. Thus, the position of a local coordinate
system of the force relative to the basic coordinate
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system of the structure defines both the directions
of propagation of longitudinal and transverse
waves and polarization of these waves.

The impulses are transmitted by the force waves.
The process of force wave propagation is described
by using the propagation properties of transverse
and longitudinal waves. All oscillations generated
by the contacting surfaces, which, up to the given
point, have not touched or have renewed their
contact after a break, propagate by spherical waves.
They characterize the main direction of propagation
of the wave process from a new or renewed contact
between surfaces and account for the contact and
local concentrations of stresses and deformations.

All oscillations generated by the contacting
surfaces, which, up to the given point, have
touched and established contacts, propagate by
quasi spherical waves. They characterize the basic
direction of propagation of the wave process from
the contact point of the surfaces and account for
the non-uniformity of oscillating. But one spherical
wave of incidence that carries the longitudinal and
transverse mode causes four quasi spherical
refracted waves: two longitudinal and two
transverse ones. Each of them is heterogeneous, as
it has vivid dependence of the change in
characteristics on its direction and carries the
consequences from the neighboring refracted
waves in other directions.

Since in the process of propagation there is the
superposition of waves, it characterizes the non-
uniformity of the whole process of oscillating.
Thus, in every point of the structure in a certain
period of action, one will observe either
homogeneous spherical or non-uniform quasi
spherical waves. Their availability and velocity of
propagation are conditioned by stress-strain
properties of element materials. Each wave affects
the particle in different directions with respect to
the direction of wave propagation. Each wave,
while transiting from one element to the other,
changes its properties. So, the calculation in the
model is done with respect to the directions of

force wave front propagation (r). The main

1
dependences of motion-direction are shown in [1,
4]. As a result, the shift of structural particles in

time has been obtained (s;) (see Fig. 2-5).

We compared the values of the stresses at the
rail base edge and head and the rail deflections

caused by running of ChS8 locomotive at a speed
of 155 km/h. The experiment was carried out on
a single-track section. The trackform elements:
UIC6O rail track, reinforced concrete sleepers with
KPP-5 type fastening, 40 cm ballast depth, the
roadbed is a sandy loam subgrade. The modulus of
the track elasticity in the wvertical plane for
calculation by the existing method was taken from
the experimental data and made U = 69.2 MPa.
Table 1 shows the data calculated by the existing
method «Track strength calculationy, the proposed
method and the experiment obtained ones.

Table 1

Data of the track stress-strain state
obtained using various methods
and experimentally

Stresses (MPa) in rail Rail
Method deflection,

Base edge Head mm

The existing 1157 12069 | 156
method

The proposed 159.5 145.9 2.81
method

Experiment 163.3 146.1 2.5

Based on the strain-stress properties and
geometrical characteristics of the elements, the use
of wave properties allows establishing: a) the
reaction of elements to the force impact with
respect to the time of its propagation; b) time ratio
of impulse impact and its propagation along the
length and depth of the trackform; c¢) change in
amount of energy in any point of the structure in
time. The aforementioned parameters allow
changing the deformation processes by altering the
element geometry and material properties.

Based on the described mathematical model, it
is proposed to take as a composite index the

deformable work of trackform elements (4, ):

t2
A=[P-ydt, (1)
tl

where P — force that affects the element; y — shift

caused by the force during the action [t1, t2].
The amounts of shift have three-dimensional
nature even for one section of the trackform. So, it
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was proposed to define the deformable work of
trackform (4) as the sum of works performed by
all the track elements in one section under the

influence of the rolling stock with respect to the
time of perception and reaction of the elements:

n
A=_zlfffAidt, @
|1 =

n —a number of elements getting a force impact.
For evaluating and comparing the use of

trackform and elements under different operating
conditions, it was proposed to use | — the intensity
of deformable work of the elements or the structure
(deformable work in the unit of time).

The investigation is carried out for the
trackform model consisting of the following
elements such as rails of R65 type, concrete
sleepers of SB3 type, fastenings of KPP-5-K,
ballast stone of 40 cm thick, subgrade. They are
given in Table 2.

Table 2

The properties of trackform elements

. . Young's
Density, Poisson's
Element 3/ o module E, Cl, m/s? Ct, m/s 2
kg/m coefficient
MPa
o o < = = N © © —
. %) ™ N ™ - - I\ o ISe) —
rail 1) 1) S S x x © S I N
~ ~ ~ =~ 7o) © ™ ™
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~ o~ © S S < < ~ ~
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1 —the speed of longitudinal; 2 — the speed of transverse waves in the material

The rolling stock influence on the track was
considered with respect to the central position of
the wheel set. As a result of investigation, the
following dependences were obtained, which are
shown in Fig. 2-3.

The upper part of the diagram demonstrates the
dependence of forces having an impact on the track
with respect to the time at various motion speeds.
The values of forces are given against the force
value at the speed of 10 km/h. The lower part of
the diagram demonstrates the dependence of
oscillation amplitudes of the trackform section in
time with respect to different motion speeds under
the single force impact on the section.

In the existing models, it is assumed that the
trackform deformability as a result of the rolling

stock influence occurs instantly. Figures 2 and 3
clearly demonstrate the falsehood of such
assumption, depending on the time of impulse
impact conditioned by the motion speed of the
rolling stock.

The time of occurrence of the deformability
process in the railway trackform due to the rolling
stock impact depends on two constituents. The first
constituent is the time of impulse impact that
depends on the motion speed. Its value decreases
together with the increase in motion speed. The
second constituent is the time of propagation of
force impact in the trackform elements. It depends
on stress-strain and geometrical characteristics of
trackform elements. For the same trackform, in
case of the same-type force impact (the equal
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direction of force and place of its application), this
value is constant. Therefore, in case of increase in
motion speed, the time of deformability process
running in the trackform approaches the value of

Fy/Fyq

ts

0.000 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

Motion speed of the rolling stock
—10 =—20 —30 —40 —50 —60

Fig. 2. The dependence of oscillation amplitudes
of the trackform section in time with respect to different
motion speeds under the impact on the section
of single force F =225 kN

The dependences of oscillation amplitudes of
trackform section in time for various motion
speeds under the single force impact on the section
are shown in Fig. 4 and 5, which are similar to
Fig. 2. The difference in diagrams is caused by the
difference in force values having an effect on the
track. With increase in action force, the direct
variation of dependences of oscillation amplitudes
of trackform section in time is not traced in
diagrams. The form of oscillations changes
together with the change in oscillation amplitudes.
The form of oscillation towards the direction of
force impact propagation changes in propagation
time and is connected with the correlation between
the force action time and the time of deformability
process propagation in the trackform elements.

The number of energy transferred by the wave is
proportional to the square of oscillation amplitudes.
The change in energy occurs due to the following
conditions: a) changes in oscillation characteristics
towards directions of wave propagation; b) changes

second constituent. With increase in motion speed,
we may observe the increase in temporary delay
value between the time of impact on the trackform
and the time when deformability occurs.

16
Fy/Fyo

0.000 0.001 0.002 0.003 0.004

-0.001

-0.0015

-0.002

Motion speed of the rolling stock

—70 —80 90 —100 —110 120

Fig. 3. The dependence of oscillation amplitudes
of the trackform section in time with respect
to different motion speeds under the impact

on the section of single force F =225 kN

in oscillation characteristics with respect to the
wave properties during their transition from one
element to the other; c) friction forces in the very
oscillation propagation medium; d) friction forces
arising during interaction of element contact pairs.
For the same trackform and with the same-type
force action, the change in energy occurs due to
condition a; the rest of conditions change
proportionally to the change in force. This condition
a preconditioned the change in the depth of
trackform required for taking up a load. Conditions
b, c, d are changing the form of dependences only
in case of changing the trackform. However,
condition b is decisive for choosing the number of
elements and characteristics of element materials in
the trackform.

The aforesaid shows that the change in power
loads and motion speeds of the rolling stock
directly affects the process of track deformability.
This process is one of the main factors for the
formation of dynamic track irregularities which
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serve as disturbance effect for forming the three-
dimensional vibrations of the rolling stock. Each
variety of trackform has its own time of force
impact propagation in the trackform elements. The
change in number of trackform elements, stress-
strain  properties, geometrical and inertial
characteristics of the trackform elements can cause
the change in time of propagation of the
deformability process. Therefore, we can trace the
interdependence of the rolling stock dynamics and
the process of track deformability.
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Fig. 4. The dependence of oscillation amplitudes
of the trackform section in time with respect
to different motion speeds under the impact

on the section of single force F =294 kN
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Fig. 5. The dependence of oscillation amplitudes
of the trackform section in time with respect to different
motion speeds under the impact on the section
of single force F =450 kN

The track deformability is accompanied by the
trackform element work to take up the force
impacts from the rolling stock and to react to this
impact. Each element engages in the process of
deformability from the moment the force waves
begin impacting on it. Each element has its own

time of propagation and transformation of force
waves which is conditioned by the stress-strain
properties and geometrical characteristics of the
material. The trackform structure characterizes the
time of direct presence of force waves in the
trackform elements. Therefore, there exists the
time when the element directly takes and
transforms force impacts, and the time when the
element becomes deformed due to deformations
and shifts of the other elements. In other words, the
structure elements can work «actively» (by
transforming the force impacts) and «passively».

For the purpose of evaluating the operation of
the above structure elements, we calculated the
dependences of oscillation amplitudes of the
elements and trackform section in time for various
motion speeds during single force movement
(wheel motion). Table 3 shows the relationship
between the values of the deformability behavior
of the elements and the trackform at various
motion speeds.

Table 3

Deformability behavior ratios at various
motion speeds

km\; h strtjectu pad sleeper | ballast ch;Légd
V,km/h AT A
10 1 1 1 1 1
30 0.17 0.18 0.09 | 0.469 | 0.134
60 0.03 0.08 0.03 | 0.121 | 0.044
90 0.02 0.07 0.02 | 0.055 | 0.025
120 0.01 0.06 0.01 | 0.044 | 0.018
I, 11,
10 1 1 1 1 1
30 0.487 | 0.513 | 0.255 | 1.088 | 0.391
60 0.159 | 0.498 | 0.159 | 0.679 | 0.245
90 0.141 | 0.565 | 0.129 | 0.444 | 0.202
120 | 0.133 | 0.655 | 0.117 | 0.466 | 0.184

Following the results of data analysis given in
Table 3, at lower motion speeds, the values of
trackform amplitudes and load impact time exceed
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the similar values at higher motion speeds but the
load-receiving track length is shorter. It results in
different deformability behavior ratios at various
motion speeds. The evaluation of the trackform
and elements work intensity during the time of
load action characterizes the trackform and
elements work intensity at various motion speeds.
The increase in motion speeds results in the
intensity of using the rail pads and railway ballast
due to increased load-receiving track length against
the background of total decrease in the intensity of
using the trackform.

Table 4 shows the relationship between the
values of the deformability behavior of the
elements and the trackform at various loads.

Table 4
Deformability behavior ratios
at various loads
load
Object
225 kN 294 kN 450 kN
AF/ AF:264

structures 1 2.21-2.34 7.1-7.63

pad 1 2.02-2.25 5.67-7.03

sleeper 1 2.17-2.19 6.25-6.83

ballast 1 2.18-2.43 6.49-8.13

ground 1 218248 | 6.42-6.85
base

IF / IF:264

structures 1 2.01-2.13 5.79-6.02

pad 1 1.83—-2.06 4.47-5.57

sleeper 1 1.90-2.00 4.94-5.38

ballast 1 1.94-2.73 5.07-7.7

ground 1 198225 | 5.06-6.63
base

Following the results of data analysis given in
Table 4, the railway track, under the influence of
the rolling stock having the load of 225kN,
performs less work than the track having the loads

of 294 kN and 450 kN respectively by 2.24 and
6.16 times. The intensity of using the elements and
trackform having the loads of 225 kN is less than
that of the tracks having the load of 294 kN and
450 kN respectively by 2.08 and 5.66 times. It
allows establishing the interdependences of the
rolling stock dynamics and the intensity of using
the railway track elements.

The use of proposed evaluation parameters of
deformability behavior will further allow us to
define the effect of the aggregate change in the
states of elements on the trackform operation and,
in compliance with the current requirements for the
trackform and its maintenance, to form the set of
evaluation data of the track state in terms of
acceptable deviations in the trackform elements.

Originality and practical value

Trackform and parameters of the elements of
the track superstructure and substructure can be
described using the railway tracks deformability
behavior. In the future this conclusion will help to
increase the efficiency of the dynamic properties of
rolling stock when designing and provide
availability of the infrastructure during operation.
Changes in the regulatory framework of rail
transport in recent years provide for the observance
of its functional safety, therefore, the question of
the need to assess the impact of rolling stock on the
way to be regarded as a dynamic process which
must be taken into account track deformability
resistance. This study provides a basis which takes
into account the stiffness of deformation to allow
forming the regulatory framework for functional
safety of railway track in Ukraine.

Conclusion

The paper presents the investigation of
deformability parameters of the railway track
under various operating conditions as the initial
data for forming the forced oscillations of a rolling
stock and the intensity of using the elements of
a trackform. In paper, the theoretical provisions are
proposed, and new analytical dependences of
mutual influence of railway rolling stock and
railway track are determined.

It is found that the ratio between the work
intensity value of the elements and the trackform,
as criteria for deformability behavior, may be used
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as the evaluation parameters of the functionally track states when it is expedient to repair and
safe operation of the track. The given parameters maintain the track to ensure the required level of
will serve as the basis for classifying the critical trackform use efficiency during its service life.
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JTOCJJIIKEHHS BINIUBY IMHAMIKHU PYXOMOT O CKJIALY HA
IHTEHCUBHICTb BUKOPUCTAHHS EJJEMEHTIB KOHCTPYKIIII
KOJIII

Meta. OCHOBHOIO METOIO i€l pOOOTH € JOCITIKEHHS MapaMeTpiB JeOpMOBAaHOCTI 3a1i3HUYHOI KOJIT 32 Pi3HIX
eKCIITyaTallifHUX yMOB SIK BHUXIZHMX JaHUX Ui (OPMYBAaHHS BHMYIICHHX KOJIMBaHb PYXOMOTO CKIamgy
1 IHTEHCHBHOCTI BUKOPHCTAHHS CIIEMEHTIB KOHCTPYKIii Koiii. Meroguka. /i1 mocnimkeHHS Oyino po3polieHo
OpHTiHATBbHY MOJIENIb KOHCTPYKIIi KOJIii, OIMCaHy 3 BHKOPHUCTAHHAM OCHOBHHX MOHSTH TeOpiil MpyXHOCTI
H TOMMpPEHHS MPYXXHHUX XBIIb. Pe3yJabTaTH. YCTaHOBICHO, IO CHIBBIAHOIIEHHS MK IHTEHCHBHICTIO poOOTH
€IIEMEHTIB 1 KOHCTPYKIIIEIO KOJIl SIK KpUTEpieM ae(OpMOBAHOCTI MOXKHA BHKOPHCTATH 5K OIIIHOYHHUI MapaMeTp
¢dyHKIIOHaTpHO Oe3neuyHol excrutyartanii koiii. e moxke Oyt ocHOBow i kiacugikalii KPUTHYHHX CTaHIB
KOHCTPYKIIH Koxii 3a SKHX HEOOXiZHO TMPOBOIUTH pOOOTH 3 BITHOBICHHA ii Mpane3gaTHOCTi, 100
3a0e3neunuTH HEOOXiMHUI piBeHb e(EeKTUBHOCTI BUKOPUCTAHHS KOHCTPYKLIi MPOTATOM TEPMIHY CIIyXOH.
HaykoBa HoBu3Ha. KoHCTpykuis Komii ¥ mapaMeTpu eleMeHTIB ii BEpXHbOI Ta HMXKHBOI OyZOB MOXYTh OyTH
ONHCaHI 3 BHUKOPWUCTAHHSAM TOBEHiHKKA JedopMoBaHOCTI. Hanmami 1ed BHCHOBOK JOMOMOXE ITiIBUITUTH
e(eKTUBHICTh JWHAMIYHUX BJIACTMBOCTEH PYXOMOTO CKJaly IIiJi Yac NMPOEKTYBaHHS W 3a0e3NeYdTH TOTOBHICTH
iHppacTpykTypu mijg uac ekciutyartanii. IlpakTtmyna 3HaumMmicTh. 3MiHM B HOPMAaTHBHO-TIPaBOBiM 6asi
3aJTI3HNYHOTO TPAHCHOPTY 3a OCTaHHI POKM NependadaroTh JOTPUMaHHS Horo ¢yHKIioHandbpHOI Gesmeku. Tomy
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MUTaHHS PO HEOOXIAHICTh OLIHKK BIUIMBY PYXOMOT'O CKJIaJy Ha KOJIIO CJiJ PO3IJIsATH SIK JMHAMIYHHHN ITPOIIEC,
SKUHA TIOBMHEH Oparu 1o yBaru omip aedopmoBaHocTti kouii. lle nocCmiIpkeHHS CTaHOBHTH OCHOBY JUIs OOJIKY
KOPCTKOCTI Jedopmaltii, o 103BoJsie chopMyBaTH HOPMATHBHY 0a3y JJIs TapaHTyBaHHS (YHKIIOHAIBHOI O€3IeKH
3aJIi3HUYHOI Kouii B YKpaiHi.

Kntouosi crnoea: KOHCTpYKIis Kouii; mapaMeTpu ae(OpMOBAaHOCTI; KOJWBAHHSI; Ne(OPMOBAHICTD 3ai3HUYHOL
KOJIi
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NCCIEAOBAHUE BJIUAHUA JTUHAMUMKU ITOABUKHOI'O
COCTABA HA HHTEHCUBHOCTD UCITOJb30OBAHMUSA DJIEMEHTOB
KOHCTPYKLIUM IIYTHU

Hens. OCHOBHOW TENbI0 IaHHOW pPabOTHI SABISACTCS WCCIENOBAaHUE IapaMeTpoB JaehOPMUPOBAHHOCTU
KEIE3HOJOPOKHOTO IIYTH TPH PA3THIHBIX SKCIUTYaTAlMOHHBIX YCJIOBUSX B KAadeCTBE HCXOMHBIX JaHHBIX OIS
(hopMHUpOBaHUS BHIHYXICHHBIX KOJCOAHWMHA IOABIDKHOTO COCTaBa W MHTCHCHBHOCTH HCIIONB30BAHHS 3JIEMEHTOB
KOHCTpYKIUHU myTu. MeToauka. J[s ucciaeqoBanus Obuta pa3paboTaHa OpUTHHATIBHAS MOJIC)Ib KOHCTPYKIIUU MYTH,
ONHMCAaHHAs C HWCIOJb30BAHHUEM OCHOBHBIX TOJIOKEHUH TEOpHil YNPYTOCTH U PACTIPOCTPAHEHHS YHPYTHX BOJIH.
Pe3yabTaThl. YCTaHOBJIEHO, YTO COOTHOIICHHSI MEXKIYy HHTEHCUBHOCTHIO PabOTHI AJIEMEHTOB M KOHCTPYKITUEH MyTH
KaK KpuTepueM ae(HOpMUPOBAHHOCTH MOKHO HCIIOJB30BaTh B KA4EeCTBE OLICHOYHOIO mapamerpa (yHKIMOHAIBHO
0e30MacHOM dKCIUTyaTallii MyTH. JTO MOXKET OBITh OCHOBOW I KJIACCH(DHKAIMK KPUTHUCCKUX COCTOS HHMA
KOHCTPYKIIUH MyTH, MPH KOTOPBIX HEOOXOIUMO MPOBOAUTH PabOTHI M0 BOCCTAHOBJICHUIO €r0 PabOTOCIIOCOOHOCTH,
9TOOBI 00eCHeYnTh HEOOXOIUMBIA YPOBEHb S((PEKTUBHOCTH HCIIONB30BaHUS KOHCTPYKIMH B TEYEHHE CPOKa
cnyx0pl. Hayunasi HoBu3Ha. KOHCTpYKIINS ITyTH W MapaMeTphl AJIEMEHTOB €0 BEPXHETO M HIDKHETO CTPOCHUIM
MOTYT OBITH OIMCAHBI ¢ UCIIOJB30BaHHEM MOBEACHUA Ae(pOpMUPOBAaHHOCTH. B nmanpHeleM 3TOT BBIBOJI TIOMOXKET
MOBBICUTE 3(P(PEKTUBHOCTh TUHAMHYCCKUX CBOMCTB TOABIKHOT'O COCTaBa NPH TNPOSKTUPOBAHUH W OOCCIICYHTH
TOTOBHOCTh HH(PACTPYKTYPHI BO BpeMs 3kcIuTyaTanud. [IpakTudyeckasi 3HAa4MMOCThb. I3MeHEHUST B HOPMaTHBHO-
MpaBoBOM 0a3e >KEJIe3HOJIOPOKHOTO TPAHCHOPTa B IOCHEIHHE TOABI MPEAYCMATPUBAIOT COOJIIOJCHHE €ro
¢GbyHKIIMOHATIBHOM Oe3omacHOCTH. [103TOMY BOIPOC O HEOOXOAMMOCTU OIICHKH BIIMSHHS TOJBI)KHOIO COCTaBa Ha
MyTh CJEIyeT paccMaTpuBaTh KaK JWHAMUYECKHH TMPOIECC, KOTOPBIM JODKEH TNPUHUMATh BO BHHMAaHHE
COMpOTHBIICHHE Je()HOPMHUPOBAHHOCTH IyTH. DTO HCCIEAOBaHHWE OOECIEeYMBAET OCHOBY ISl Y4eTa J>KECTKOCTH
nedopMmanuy, 4YTO IO3BOSICT CHOPMHPOBATH HOPMATHBHYIO 0a3y miist  oOecneueHus (yHKIIMOHATBHOMN
0€30IaCHOCTH JKEJIe3HOI0PO’KHOTO YyTH B Y KpauHe.

Knrouesvie cnosa: KOHCTPYKIWSI IyTH; TapaMeTpsl AeGopMHpOBaHHOCTH; KoiebaHWs, Ae(popMHUPOBAHHOCTH
KEJE3HOJOPOKHOTO Iy TH
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MODELING THE OPTIMIZATION PROCESS OF INVESTMENTS IN
DEVELOPMENT OF THE ENTERPRISE TAKING INTO ACCOUNT
RANDOM COSTS

Purpose. The study aims at substantiating the method to determine the optimal volume of investments for im-
proving basic economic indicators of the enterprise’s performance selected by the company management at random
costs at each stage of its development. Methodology. The proposed methodology for determining the optimal in-
vestment volume is based on simulation modeling methods and optimal control theory, in particular, the dynamic
programming procedure, since the controlled process of the enterprise’s development is a multi-step one. Using
step-by-step planning with generation of costs for transitions and statistical processing of results, a solution to opti-
mization problem was obtained, to which the methods of mathematical analysis cannot be applied. Findings. An
algorithm has been developed for calculating the minimal volume of capital investments for improving selected
economic indicators and constructing the optimal trajectory for the enterprise’s development from the initial eco-
nomic state to the final desired state. This takes into account unforeseen intermediate costs in the process of enter-
prise development. Originality. It is shown that using the methods of the theory of optimal control and simulation
modeling, it is possible to calculate the minimal amount of capital investments to improve the selected economic
indicators that determine the efficiency of the enterprise performance, taking into account the random costs of in-
termediate transitions by the development stages. Such calculation does not depend on the specific content of eco-
nomic indicators. Practical value. The proposed methodology for calculating the minimal volume of capital in-
vestments is quite simple, but at the same time it allows, on the one hand, determining the priority areas of the en-
terprise’s investment activities. On the other hand, it increases the manageability and transparency of the enter-
prise’s economic activity, and increases the manager’s confidence in the correctness of the decisions made.

Keywords: optimal control; simulation modeling; economic indicators; efficiency; optimal investment volume;
optimization; competitiveness; manageability; dynamic programming, optimal trajectory, random costs

Introduction ous profitability, consumption and savings indica-
tors. In conditions of low per capita incomes, most
of them are spent for consumption. The growth of
income increases their share, aimed at savings,
which serve as a source of investment resources.
Consequently, increase in the share of savings
causes a corresponding increase in the volume of
investments and vice versa. Also, the expected net
profit margin has a significant influence on the
investment volume. This is due to the fact that
profit is the main incentive for investments. The

The main economic indicators of reflect the re-
sults and success of the enterprise performance. On
the other hand, the effective activity of the enter-
prise in the long term, ensuring high rates of its
development and increasing competitiveness is
largely determined by its investment level and the
range of investment activities [1, 2, 6].

Investment activity depends on many factors.
For example, on the distribution of the income re-

ceived to increase working capital, improve vari-
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higher the expected net profit margin, the corre-
spondingly higher will be the volume of invest-
ments, and vice versa [3-5, 7].

As you know [6-8], before starting investment,
you need to perform a set of work to justify the
effectiveness of investments in the enterprise,
called the investment project. Investment project
preparation is a lengthy and sometimes very ex-
pensive process consisting of a number of acts and
stages [1, 2, 6, 7, 9-13].

The main goal of investment project aimed for
the enterprise development, as a rule, is to increase
net profit and profitability ratios, therefore, in-
crease its efficiency to the desired level. Conse-
guently, one of the stages of its preparation can be
the determination of the optimal (minimal) volume
of investments. The methodology for solving this
problem using the methods of optimal control the-
ory [4, 5] is given in the works [3, 8].

Let us note that the solution to this problem is
significantly complicated at unforeseen (random)
costs at the stages of enterprise development.
Therefore, the methodology developed in the
works [3, 8] is not applicable in this case. This
work is a continuation of the work [8]. It provides
an algorithm for determining the optimal (mini-
mum) volume of investment at random costs ac-
cording to the stages of enterprise development,
developed on the basis of simulation modeling
methods.

Purpose

The main goal of this study is to substantiate
the method for determining the optimal volume of
investments for improving basic economic indica-
tors of the enterprise’s performance selected by the
company management at random costs at each
stage of its development.

Methodology
Let

& =a,uj; B =b 5

C. =C

(] i—>i+l joj+1

the costs for transitions from the level (R, R;) of

profit values and the profitability ratio to the levels
(P RJ) ! (PI’ Rj+1) ’ (Pi+11 Rj+1) ' Whel’e

i=01..,N; j=01..M,, are the number of

calculation steps, respectively, and the calculation
step is a month, quarter or year. These costs can be
calculated using the so-called discounting method,
i.e. reduction the incomes obtained at different
times and expenses incurred within the framework
of the investment project to a single (base) time
point [6, 7]. All calculations are carried out in an-
nounced, target and estimated prices.

In this paper, we give a methodology for calcu-
lating the minimal volume of investments to
achieve the set values of B, — net profit and R, —

profitability ratio of the enterprise with unforeseen
(random) costs at each stage of enterprise’s devel-
opment, i.e. when the values

Qi1 By Cinintjojo

are random with given distribution laws.

The basis of the proposed methodology is the
procedure of dynamic programming and simula-
tion modeling [4, 5]. This procedure, using step-
by-step planning, allows not only to simplify the
solution of optimization problems, but also to solve
those to which the methods of mathematical analy-
sis cannot be applied.

The procedure for optimizing the volume of in-
vestments with known transition costs

a b, C

isieljr Bjosjar Cisisgjojet

is given in the author's paper [8].

According to this procedure, the process of
making an investment decision starts with the last
k -th step. At this step, one chooses a solution that
makes it possible to get the greatest effect (reach-
ing the final level (R, R,) with the minimal in-
vestment volume). After planning this step, one
can add the penultimate (k —1) -th step, to which,
in turn, add the (k —2) -th, etc.

In order to plan the k -th step, one must know
the level (P, R) of the enterprise at the (k —1) -th
step. If the level of the enterprise (P, R) at the
(k —1) -th step is unknown, then all sorts of levels
are considered at this step. For each possible level,
one chooses the so-called sub-optimal decision at
the last, k -th step.

Let it be planned k -th step investment process
and (R_y1, Rega),

i+17
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(Pk—l,z’ Rk—1,2) LRRRE) (Pk—l,r' Rk—l,r)

are possible levels at the (k —1) -th step. At the last
step, we find a sub-optimal decision for each of
them. Thus, the k-th step is planned. Indeed,
whatever the level (P, R)at the penultimate step, it
is already known which solution should be applied
at the last step. We proceed similarly at the
(k—1) -th step, but we have to choose the sub-
optimal decisions taking into account the ones that
have already been chosen at the k -th step, etc. As
a result, we come to the initial level (R, R,) of
net profit and profitability ratio.

For the first step, we do not make any assump-
tions about the possible level (P, R), since the
level (R, R,)is known, and we find the optimal
solution, taking into account all sub-optimal deci-
sions found for the second step. Going from
(Ry, Ry)to (B, R,), we obtain the desired optimal
decision, which ensures the minimal volume of
investments and their best distribution according to
calculation steps.

A model example is given in the work [8], which
demonstrates the efficiency of this procedure.

Often, in practice, the values of parameter
(transition costs)

;=815 0B;=Db,u

C. =C

(] i—>i+l joj+1

are random ones. In particular, they can be deter-
mined using formulas

o eloiy, ol ] Biye[ By B

1 2
G e[csi,j, G”—]
— random correction factors for transition costs
with given distribution laws, a’;, b’;, ¢, basic
values of transition costs for this sector of the
economy. Parameters & ;, b, ;, ¢ ;, dij, &, fi;

can be determined with the help of statistical anal-

ysis of changes in prices for products and services,
force majeure circumstances (including, for exam-
ple, changes in legislation related to the economy).

Thus, by one going from (R,, Ry))to (R, R,)
we will not get the optimal decision, which ensures
the minimal volume of investments and their best
distribution according to the calculation steps, due
to the randomness of the transition costs.

In this paper, to solve this problem, it is
proposed to use simulation methods, namely, the
Monte Carlo method. The essence of this method
is as follows. Let X, X,,..,X, be the random
input parameters with the given distribution laws,

and Y is the output parameter of the system:
Xl
—_—
X, object Y
—]
X n

——

Fig. 1. The structural diagram of the object operation

It is assumed that the type (law) of dependence
of Y parameter on the input parameters is known

(Fig. 1):
Y =F(Xy, X0 X)) 1)

Algorithmically simulation model of the object
functioning process is a software implementation
of formula (1) by generating random variables

Xy Xpy ooy Xy s
In our case, input parameters are the transition
costs

_ 0 _ 0
a =08, b;=pBb;

0

C . ZGI,jCI,J'

1]
Y — is minimal investment volume calculated us-
ing the procedure of the dynamic programming
method (function F), which is described in the
work [8].

Findings
According to this algorithm, it is convenient to
search for the optimal decision (transition) from
(R, Ry)to (R, R,) geometrically on the POR

plane, or rather, on the rectangle bounded with
right lines
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P=P,P=R,R=R,, R=R,

which is the area of acceptable levels. The initial
(Py, Ry)and final (B, R,) levels are well defined

as two points of the plane (Fig. 2) [1].

In Fig. 2, vertical segments show increase in
profitability ratio at a constant profit value, hori-
zontal segments show increase in profit at a con-
stant value of profitability ratio, and diagonal seg-
ments show simultaneous increase in profit and
profitability ratio.

Fig. 2. Optimal trajectory of enterprise development

For each set of generated transition costs,

0. 0. 0.
& =9 id bl,j:Bi,jbl,j’ G,j =0iiCj»

according to the above procedure, its own optimal
transition trajectory T from (R, R,) to (R, Ry)
is constructed and the minimal volume of invest-
ments Y is calculated.

The simulation model of the decision-making
process on the investment volume and the optimal
trajectory of enterprise’s development is being
software implemented according to the following
macroalgorithm:

Step 1. Determination and input of basic values

0 o
&, by,

0 1 2 1 2 1 2
Cijs % @i, Bijs Bijy Oy 00
and the number of experiments (simulation model
starts up) M .

Step 2. The generation of random variables

o | ,Bi,j 1O - If they are evenly distributed, then

the generation can be performed according to the
following formulas

2

]

o )random +oy

Bij Z(B.ZJ _Bil,j )random"‘ﬁil,j

Gi | =(csfj —csilvj)randomjtcsilyj
In the case of normal distribution, the following
formulas for random number generation can be

applied

N -
Bi.; =m[izi ‘2}/\/3* M (Bi;).

i=1

where D(.), M(.)are dispersion and mathematical

expectation of a random variable accordingly,
Z,,2,,...,z, are uniformly distributed random varia-

bles from the interval [O , 1], k>12.

Step 3. The construction of the optimal transi-
tion trajectory T from (R,, R,) to (R, R,) and
the calculation of the minimal volume of invest-
ments Y for a given set of generated transition
costs.

As noted in the work [8], if for a certain nodal
point (see Fig. 2) there are several (two or three)
sub-optimal decisions, then all of them are marked
with arrows, and then any of them is selected. In
these cases, the problem has several solutions if
such nodal points belong to the optimal trajectory.
In other words, the minimal volume of investments
obtained for a given set of generated cost values
can be spent using several transition trajectories
T from (R, R,) to (R, R,).

Step 4. Repeating steps 2 and 3 M times and
interval alignment of the obtained statistical mate-
rial in the form of a table

Table 1
Results of computational experiments
Y Yl Y2, s=1,..,m,
Trajector3_/|_frequency N,, s=1...m
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Number m— the number of intervals, which is
determined by the Sturgess formula

m=1+33-IgM .

The length h of the interval (Y., Y;?)is deter-
mined by the formula

b Yo =Y

m

min
)

where Y., Y, — are the maximum and minimum

values of the parameter Y obtained as a result of
experiments.
In Table 1 N,— the number of trajectories for

which Y e (Y], Y2).
Step 5. Average values calculation

v
M

Obviously, at some value s=s e[l m]

Y e (YS{ , st). several trajectories T of the enter-
prise development may correspond to the interval
(YS{ : Ysg) . The enterprise management can choose

from them a specific, most convenient way of de-
velopment from the implementation point of view.

Originality and practical value

It is shown that, using the methods of optimal
control theory and simulation modeling, it is possi-
ble to calculate the minimal value of capital in-
vestments to improve the selected economic indi-
cators, which determine the efficiency of the enter-
prise at random costs for intermediate transitions
by the development stages.

The technique proposed in the article is quite
simple, but at the same time it allows, on the one
hand, determining the priority directions of the
enterprise’s investment activity. On the other hand,
it increases the controllability and transparency of
the enterprise’s economic activity, increases the
manager’s confidence in the correctness of deci-
sions made [8].

Conclusions

The proposed calculation method does not de-
pend on the specific content of economic indica-
tors. The result depends on the accuracy of deter-
mining the distribution laws of random variables
i, Bij, o;; using the methods of mathematical

statistics. And this, in turn, depends on the quality
of the statistical analysis of the specifics of the en-
terprise’s economic activity.

Let us note that the above calculation algorithm
can be applied to any pair of economic perfor-
mance indicators of any enterprise, including the
enterprise connected with railway [1, 2, 8].
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MOJEJIOBAHHS ITPOIECY ONTUMI3BALIL IHBECTUIIIA HA
PO3BUTOK NIANTPUEMCTBA 3 YPAXYBAHHSAM BUITAJIKOBUX
BUTPAT

Meta. OCHOBHOIO METOIO IIbOTO JIOCIIKEHHSI € OOTPYHTYBaHHS METOAY BH3HAUYEHHS ONTUMAJILHOTO 00CATY 1H-
BECTHIII} HA MOJIMIIEHHs] 00MPaHUX KEPIBHUIITBOM MINPUEMCTBA OCHOBHUX €KOHOMIYHHUX MOKa3HHUKIB €()eKTUBHO-
CTi ioro poOOTH 3a BUIIAJKOBUX BUTPAT HAa KOXKHOMY eTarli po3BuTKy. MeToauka. B 0cHOBI 3aponoHOBaHOT METO-
UKW BU3HAUCHHS ONTHMAIBHOTO OOCSTY IHBECTHIIIN JIeXKAaTh METOH iIMITaIlliTHOTO MOJICITFOBaHHS W Teopii onTHMa-
JBHOTO YIIPABIIHHS, 30KpeMa Npoleaypa AWHAMIYHOTO MPOrpaMyBaHHs, OCKUIBKH KEPOBAaHHWH IPOIEC PO3BHUTKY
HiApueMCTBa € OaraToeTanHUM. BUKOpHCTaHHS MOETATHOTO TUIAHYBaHHS 3 TEHEPALli€l0 BUTPAT Ha MEPEX0/H i cTa-
TUCTHYHOI OOpOOKH pe3yNbTaTIB 1a€ MOKIMBICTH OTPUMATH PO3B’SA30K 3a/1a4i ONTHMI3aIlil, 10 K01 HE MOXHA 3a-
CTOCYBaTH METOJY MaTeMaTHYHOTo aHaii3y. Pe3yiabpraTn. Po3poliieHo anroputM po3paxyHKy MiHIMaJIbHOTO 00Cs-
I'y KamiTaJdbHUX BKJIAJCHb HA MOJIIIIEHHS 00paHMX €KOHOMIYHUX MOKa3HUKIB. [[00y/10BaHO ONTUMAaIIbHY TPAEKTO-
pito PO3BHUTKY IMIANPHUEMCTBA BiJI IOYATKOBOTO EKOHOMIYHOTO JI0 KiHIIEBOrO OaxkaHoro ctany. [Ipu npoMy BpaxoBa-
HI Herepea0ayeHi MPOMDKHI BUTPaTH B Hpolieci po3BUTKY mianpuemctsa. HaykoBa HoBmu3Ha. [TokasaHo, 110 3a
JIOTIOMOTO0 METO/IiB TE€OPil ONTUMAaIBHOTO YIPABIIiHHS Ta IMITAllIHHOrO MOJIENIIOBAHHSI MOXKHA PO3paxyBaTH MiHi-
MaNbHUI O0O0CST KaIliTalbHUX BKJIAQJAEHb HAa IOJIMIICHHS OOpaHWX EKOHOMIYHHX MOKAa3HMKIB, SIKi BH3HAYalOTh
e(eKTHBHICTF POOOTH MIANPHEMCTBA 3 ypaxyBaHHSAM BHIIQJKOBHX BUTpPAT HAa MPOMIKHI NEpPEeXOAd 3a eTaramu
po3BuTKy. IlpmuoMy Takuii po3paxyHOK HE 3ajJ€XHTh BiJl KOHKPETHOTO 3MICTy EKOHOMIYHHMX IOKa3HHKIB.
IIpakTHuna 3HAYMMicTh. 3anpoNoOHOBaHA B CTATTI METOAMKA PO3paxyHKY MiHIMaJbHOTO O00CATY KamiTaJbHHX
BKJIJIeHb JIOCUTH MpOCTa, ajle BOJHOYAC JO3BOJISE, 3 OJHOTO OOKY, BU3HAYMTH IPIOPUTETHI HANpsIMKH I1HBE-
CTHLIIHOT AISITBHOCTI MiNPHEMCTBA, a 3 IPYroro — IMiJIBUIYE KEPOBaHICTh i IPO-30piCTh roCHOAAPCHKOT AisTIBHOCTI
HAIPUEMCTBA, YIIEBHEHICTh KEPIBHUKA B IPABMJILHOCTI IPUHHATHX PIllICHb.

Knouosi crnosa: onTiManbHE YIPaBIiHHS, IMiTalillHE MOJICTIOBAHHS, €KOHOMIYHI MMOKA3HUKH, ¢()EKTHBHICTH
po0OTH; ONTHMAaIBHUN 00CAT 1HBECTHIIIH; ONTHUMI3allis; KOHKYPEHTOCIPOMOXKHICTh, KEPOBAHICTh;, TUHAMIYHE IPO-
rpamyBaHHsI; ONITUMaJIbHA TPAEKTOPIs; BUIIAIKOBI BUTPATH
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MOJEJIAPOBAHME IMTPOIIECCA ONITUMH3AIIMA MTHBECTULIUM
HA PA3BUTHE IPEJINPUATUA C YUYETOM CJTYUAMHBIX 3ATPAT

Ieab. OCHOBHOII LIENBIO TAaHHOTO HCCIICAOBAHUS SIBIIETCA OOOCHOBAHHE METOJIA ONPENCICHNS ONTUMAIBHOTO
00beMa MHBECTHINIT Ha YIIy4IICHHE BRIONPACMbIX PYKOBOACTBOM MPEIIPHUITHS OCHOBHBIX SKOHOMHYECKHX MTOKa3a-
Tener 3QpPeKTUBHOCTH ero pabOoTHI MPH CIIyYalHBIX pacXoAax Ha KaXIoM dTare pa3Butus. Meronuka. B ocHoBe
IpeATaraeéMoil METOJUKH OTIPEEIICHUS] ONTUMAIbHOTO 00beMa MHBECTUIMHN JIeXKAT METOIbI IMUTALIMOHHOTO MOJIe-
JMPOBAHMSA U TEOPUH ONTHMAIBHOTO YIPABICHUS, B YACTHOCTH MPOIENypa TUHAMHYECKOTO IPOTPAMMHPOBAHMUS,
TaK KaK YIpPaBJIIEMBIH IIPOLECC PA3BUTHUS NPEIIPUATHS SBISIETCS MHOIO3TanHbIM. VICIOJIb30BaHUE IO3TAIHOTO
IUIAHUPOBAHUS C TeHepalel 3aTpar Ha Mepexo/bl U CTATHCTHYECKOH 00pabOTKM Pe3yNbTaToB JAaeT BO3MOXKHOCTD
MOJY4YUTh PEHICHUE 3aJadyu OITUMHU3alHU, K KOTOpOfI HEJIb3d NMPUMEHUTH MCETOJbI MAaTECMaTU4Y€CKOro aHain3a.
PesyabTaThl. Pa3paboran anroputM pacueTa MHHAMAILHOTO 00beMa KalUTAJIbHBIX BIIOKCHHI HA YIIYUIIICHUE BbI-
OpaHHBIX IKOHOMHUUECKHX Moka3zareneil. [locTpoeHa onTUManbHast TPaeKTOPHUsT Pa3BUTHS MIPEAPHATHUS OT HA4aJIbHO-
I'0 ’KOHOMHMYECKOTO 70 KOHEYHOTO >KeJlaeMoro cocTosHus. [Ipu 3ToM ydTeHBl HempenBUICHHBIE TPOMEKYTOUHbIE
pacxonsl B mporecce pa3BuThs npennpustus. Hayynas HoBu3Ha. [loka3aHo, 4TO C MOMOIIBIO METOAOB TEOPHU
ONTHMAJIBHOTO YIPABJICHAS M MIMUTAIMOHHOTO MOJICTTMPOBaHUS MOXKHO IIPON3BECTH pacueT MUHUMAIILHOTO 00beMa
KaNUTIbHBIX BIIOKCHWH Ha YIydlIeHHE BBIOPAHHBIX SKOHOMHYECKHX IIOKa3aTesieil, KOTOpBIC OMNPENeIIOT
3G PEKTUBHOCTS PAOOTHI MPEANPHATHS C yUETOM CIyJalHBIX 3aTpaT Ha NMPOMEKYTOYHBIEC IEPEXOABI IO 3Taram
pasButus. [lpumuéM Takoi pacdeT HEe 3aBHCHT OT KOHKPETHOTO COAEPKaHWS SKOHOMHYECKHMX MOKa3aTeleH.
IIpakTHyeckasi 3HaUUMOCTh. [Ipeanaraemas B cTaThe METOAMKA pacdyeTa MUHHMAJIBLHOTO 00beMa KalnTaIbHBIX
BJIOXKEHHUI JOBOJIBHO IPOCTA, HO B TO e BPEMs MO3BOJIAET, C OAHOM CTOPOHBI, OIPEAETUTH IPUOPUTETHBIC HAllpaB-
JICHUA I/IHBCCTHHHOHHOﬁ ACATCIbHOCTH MPCANPUATUA, a C [[pyl"OIZ — MOBBIIIACT YHNPaBJIACMOCTb U NPO3PAYHOCTDH
XO3SIIICTBEHHOM NIEATENBHOCTU MPENNIPUITHSI, YBEPEHHOCTh PYKOBOJIUTEINS B NPAaBUIBHOCTU IIPUHUMAEMBIX pElIe-
HUHN.

Kniouegvie cnoga: onTUMallbHOE YNpaBIICHHUE; UMUTAHOHHOE MOJEIMPOBAaHME; 3KOHOMHUYECKHE IMOKa3aTelly;
3¢ PEKTUBHOCTL PadOTHI; ONTHMAIBHBIN 00BEM WHBECTHINI; ONTHMHU3ALNs; KOHKYPEHTOCIOCOOHOCTD; yHpaBisie-
MOCTb; AHHAMUYECKOE ITPOTPaAMMHPOBAHNE; ONTUMAJIbHAS TPACKTOPHS; CIIydaiiHbIe 3aTpaThl
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THE ANALYSIS OF TRAVEL CHARACTERISTICS AND THE SCHOOL
BUS PROVISION PLAN BASED ON STUDENTS’ TRANSPORTATION
MODE

Purpose. This study was conducted to obtain the characteristics of respondents and travel modes that are still
dominated among private vehicle users. Methodology. This analysis was done using Microsoft excel and SPSS Ver.
25 for Windows. Findings. The results showed that the factors affecting the use of transportation modes for students
journeys at one time to and from school are as follows: a) sex (X1), b) age (X2), c) monthly pocket money (X3),
d) distance (X6), e) long trips departure (X7 ), f) leave travel expenses (X8), g) the frequency of the return trip
(X10), h) the distance of the return trip (X11), i) the long way home (X12) and j) the cost for going home (X13).
The opportunity of providing school bus may get good responses because the students would prefer to choose
a mass transportation integrated with the school and giving good service, safety, less cost and its affectivity. In fact,
it is not only in pedestrian offenders who have close travel distance and short-time travel of leaving for school and
back home. Originality. There have been many studies discussing public transportation. However, this study limits
only in discussing the use of school bus regarding students’ transport modes. Practical value. Generally, this study
contributes positive outputs in some aspects, such as: economics, management and safety. Indeed, the existence of
school bus will help students who have some difficulties, including distance, economical problem and so on.

Keywords: transport modes; characteristic of travel; school bus plan; public service

surrounding the neighborhood, but they were not
Introduction very effective in solving the problem for the long
term, because still many students use private vehi-
cles as a means to and from school. Moreover, stu-
dents currently have started to travel more inde-
pendently.

Then, students currently begin to experience
changes in their activity as a stand-alone activity
other than the fulfillment of educational activities
[2]. Therefore, there exist needs to be another at-
tempt to suppress the student movement as the
availability of school buses which helps students to
undertake the learning activities should be support-
ed by good accessibility. The ease of getting trans-
portation is to facilitate university students in trav-
eling to and from school [3]. However, one should
take into consideration factors in the environment
that such as socio-economic factors related to the
characteristics of the trip and the use and accessi-
bility mode will be examined as long as you want
to plan an adequate mass transportation like bus.

With a growing population resulted in an in-
creasing number of transport movements, it is in-
teresting to do further research on the behavior of
an undertaken journey. Hence, this study will dis-
cuss the movement’s intention in the world of edu-
cation, especially the use of transport modes.
Nowadays, a lot of researches on transportation
have been done. Students have a variety of trips
using the mode of transportation and it is used as
a part of college activity [1].

The characteristics of a journey undertaken by
university students are very important to be an is-
sue of the research because it can affect the per-
formance improvement of roads, especially in the
city of Palembang in a particular time. This will
become an issue in the future if no solution was
carried out. Government efforts were to regulate
the movement of university students in education
in Palembang, like students’ clustering in the area
Creative Commons Attribution 4.0 International
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In the connection with this study, the presence
of State Senior High School (SMA Negeri) 10 Pa-
lembang located on the road Srijaya country has
diverse student residence and creates the need for
increased mobility of modes transportation to and
from school. It needs a deep research on the jour-
ney undertaken by students by means of surveying
directly using interview technigues in the form of
a questionnaire distributed to the students as the
object of study. It is done to obtain the characteris-
tics of user behavior mode of students’ travel at
SMAN 10 Palembang, factors that affect the per-
ceptions of students when bus transportation is
provided for students at SMAN 10 Palembang.

The purposes of this study are as follows: a) to
obtain characteristics of respondents and transpor-
tation mode of students in SMAN 10 Palembang,
b) to identify the factors that affect the modes of
transportation on students of SMAN 10 Palem-
bang, and ¢) to identify the perception of students
at SMAN 10 Palembang of the school bus plan.

In addition, Agustien (2015) observed the
scheduling time over working time in the city of
Palembang whose respondents are workers with
fixed working hours and activities such as shop-
ping activities, social activities and entertainment.
The observed activity time schedule is divided into
three time periods before, at work and after work.
The analysis was performed using questionnaire
formed by the stated preference method assuming
a combination of changes in travel time. The re-
sults showed that the utility of the activity is influ-
enced by the types of undertaken activities [4].

According to a research of Tri Basuki Joewono
et al. (2014), there is a difference in motorcycles
and cars in terms of distance and travel time. The
decision of choosing transport modes was influ-
enced by sex, time, and frequency. As the frequen-
cy of travel and financial capability affect the time
on trips of the students.

According to Juliane Stark who examined the
travel patterns of four high school students in Aus-
tria and Germany, discovered that their mobility
behavior is analyzed by looking at the diary of
a journey undertaken to obtain the travel character-
istics of the mode by Structural Equation Modeling
(SEM) and nonlinear binary response variables to
assess the effect of factors on the choice of travel
mode. The results showed that the capital selection

of children was affected by the length of the trip
and the quality of service of motorized modes [5].

The system model representing a person’s ac-
tivity and associated travel as patterns of activity
goes beyond one trip. The ride was set as the
movement patterns of students’ home to one or
more locations of activities and back home again.
The research results obtained time, travel destina-
tions, travel models are influenced by patterns of
activity, whereas the activity itself influenced max-
imum utility pattern of travel alternatives available
[6].

Samira Dibaj et al. (2016) showed different sta-
tistical analyses adjusted for data survey; data in-
cludes demographic characteristics and travel. In
addition to the descriptive analysis of the data, the
Poisson regression model and linear regression
model have been developed in a number of student
activities within a day. Because AUT located in the
CBD area of Tehran and for two different traffic
restrictions for private cars in this area, this study
confirms that walking and public transport are the
dominant mode among students AUT and only 4%
of students use private cars. The model suggests
that off-campus students were more likely to have
a lot of activities compared to the students on cam-
pus [7].

This study will be limited to conduct research
for the correspondent for whom the use of school
bus transportation modes is planned, namely tenth
grade and eleventh grade students of SMA Negeri
10 Palembang. The identification of problems was
seen from the situation and condition which was
then used as the questionnaire. The survey results
will be used in obtaining the descriptive character-
istics of the mode of transportation for students of
SMA Negeri 10 Palembang on school days and
hours. The user behavior of students in terms of
travel modes includes statistical characteristics of
travel and the movement of students at SMAN 10
Palembang to school and from school. The data
obtained will be analyzed using Ms. Excel with the
help of SPSS Ver. 25 for windows.

Mode of Transportation

The definition of the mode of transportation is
a transport that gives mobility for the object to
a certain movement. While public transport is
a mean to help the transport of people or a group of
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people together. Transport can also be used as
a means of delivery from the origin place to the
desired destination area.

According to the classification, shuttles are di-
vided into two, namely:

1. Public Transportation.

Definition of public transport according to Law
No. 14 of 1992, freight traffic on the road, chapters
25 and 26, states the user is charged a transport fee
due to the services used for private purposes. On
the concept of public transportation, not all society
have personal transportation to support daily ac-
tivities, thus the government provides public
transport as the form of their public policy [8].

2. Personal Transport.

Personal transportation is a privately owned
transport. In private mode, the owners can freely
determine the nature of traveling and the tracks
themselves [9]. On daily activities, the use of pri-
vate transport modes is exploited. This is caused
by several factors including the main factors relat-
ed to the driver’s personal modes such as comfort,
security, flexibility, and others.

Factors affecting Mode Selection

According to Tamin (2000), the factors affect-
ing the choice of transportation mode can be
grouped into four categories [10]:

1. Characteristics of Road Users.

On the road, the users’ characteristics greatly
influence the modal choice such as availability or
personal vehicles, household structure, income,

Factors of Mode
Selection

and factors including other factors such as manda-
tory use of personal modes of the motor to the in-
stitute of education/school and pick-up purposes.

2. Feature Movement.

The movement as the timing of the movement,
the movement destination, a travel distance to the
destination becomes factors affecting modal
choice.

3. Feature Facility Transportation Modes.

It can be grouped into two categories, as fol-
lows:

e Quantitative factors such as travel
time, transportation costs (fares, fuel, and
other costs).

e Qualitative factors are quite difficult
to quantify include comfort, safety, reliabil-
ity, regularity, and others.

4. Feature town or zone.

It means that the distance from a zone or down-
town population density can affect the modal
choice. Therefore, a good model of modal choice
must consider all these factors. It can be said that
of all models of modal choice, the selection of in-
dependent variables used are very dependent on
the person who chooses the model along with the
type of model used and the purpose of the move-
ment itself.

So, all the influential factors in the choice of
transport mode and an understanding of how the
factors influence one other can be illustrated in the
figure 1 below.

Factors Influence Mode

Selection

| Mean of Travel

Characteristic of User

| Length of Distance

Characteristic of
Movement

—b| Genre of Mode

| Cost Characteristic of

Transportation Mode:

_b . . ‘_
= Quantitative

Level of Comfort and factor
Safety
Characteristic of
—- [—

Lone

Fig 1. The Factors of Determining Transport Mode
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Based on the figure displayed above, the insti-
gator of a trip in the transportation planning pro-
cess is analogously depicted as people who choose
to conduct movable and immovable activities. If
the movable activity is selected, then people will
decide the transport modes or keep moving on
foot. When the user selects the mode, the user is
required to choose between two options namely,
private transport or public transport.

Methodology

This research uses descriptive quantitative ap-
proach. To determine the amount of data surveyed,
the first step is done using SPSS Ver. 25 for win-
dows as a descriptive statistical analysis. The next
stage determining the characteristics of the user
modes with different variables will be analyzed by
means of cross-tabulation (crosstab).

The chi-square is applied to determine whether
there is or not a variable attachment relationship
between the X variable (dependent) and Y (inde-
pendent) [11]. The calculating value of chi-square
that is obtained from the data analysis will be
compared with chi-square value tables that have
become consensus whether the dependent variable
affects the other existing variables.

To know how significant the dependent varia-
bles to independent variables, they should meet the
significance value (probability). After that, the com-
parison of those variables will show whether the
probability value obtained from the results of data
analysis using SPSS Ver. 25 for windows senses
significantly to the existing provisions of probability
value. In the significance, the test uses variables
value with confidence level > 95%. In other words,
the significance value is <0.05. If in an equation that
one of variables has a significant value greater than
0.05, the equation cannot be used.

In this study, chi-square analysis serves as
a statistical technique used to obtain the factors
that influence the use of student travel mode of
SMA Negeri 10 Palembang. To test data using a
list of questions or a questionnaire in this study is
an indicator of the perception of students at SMAN
10 Palembang in analyzing the chances of student
bus plan. It is necessary to validate reliability test-
ing on the item such questionnaire, so it can deter-
mine if the survey form is feasible and can be used

in analyzing the perception of students on school
bus opportunities based on the use of modes of
transportation.

Results and Discussion. Testing Crosstab

The test is performed in order to analyze the ef-
fect of reliance free variable with the dependent
variable. The dependent variable in this study is
the mode of transportation used by students of
SMAN 10 Palembang in travel. The independent
variables are gender, age, pocket money per
month, settlement/residence, frequency of trips
departure, distance of trips departure, long trips
departure, travel expenses departure, activity trips
departure, the frequency of the return trip, the dis-
tance the return journey, a long journey home, the
cost of the return trip, and the activities of the re-
turn journey. This stage will be analyzed using
SPSS Ver. 25, and the data will be processed by
cross-tabulation or crosstab to view dependency to
obtain the effect of variables.

Chi-Square Analysis of Mode Usage

The analysis in this research is the analysis of
Chi-Square. This analysis is used to find the rela-
tionship testing modes of transportation used by
SMA Negeri 10 Palembang students at a time to
and from school with the independent variables
obtained by performing the alignment test whether
the observed variables are in accordance with the
conditions set. The following table analyzes Chi-
Square test variable dependency-free with the de-
pendent variable that can be seen chi-square value
in the table 1 below.

With the initial hypothesis (Ho) considered that
each independent variable (independent variable)
is considered to have no effect on the dependent
variable (dependent variable), and based on the test
results by comparing the calculating chi-square and
chi-square table, it can be seen that the initial hy-
pothesis (Ho) for the variable consists of gender,
age, monthly pocket money, settlement/residence,
frequency of trips departure, distance of trips de-
parture, long trips departure, travel expenses depar-
ture, activity trips departure, the frequency of the
return trip, the distance the return journey, a long
journey home, travel costs home, and the activities
of the return journey. Thus, these variables of sex
(H1), age (H.), monthly pocket money (Hs), dis-
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tance of trips departure (Hs), long trips departure
(H»), travel expenses departure (Hs), the frequency
of the return trip (Hio), the distance of the return
trip (Hi1), the long way home (Hsi2), the cost of the
return trip (Hais) is rejected. It means that these var-
iables affect the variable use of modes of transport
trips to school and back home carried out by stu-
dents of SMAN 10 Palembang.

Table 1
Variable Value of Mode
S(igre Chi Means of
Variable Square | Conclusio
(Caleul | (Tapje) n
ate)
Ho
Sex (X1) 13.233 | 7.81 rejected
Ho
Age (X2) 29.896 | 21.03 rejected
Monthly Pocket Ho
Money (X3) 62.601 | 12.59 rejected
Settlement/Residenc Ho
e (Xa) 43.000 | 43.77 accepted
Frequency of Trip Ho
Departure (Xs) 4.046 781 accepted
Distance of Trip Ho
Departure (Xg) 24.458 | 21.03 rejected
Length of Trip De- Ho
parture (X7) 30.469 | 21.03 rejected
Travel Expenses Ho
Departure (Xs) 46.829 | 12.59 rejected
Activity of Trip De- Ho
parture (Xg) 4.046 781 accepted
Frequency of Return Ho
Trip (X10) 13404 1 7.8 rejected
Distance of Return Ho
Journey (X1i1) 29.443 | 16.92 rejected
Long Way Home Ho
(X22) 38.155 | 21.03 rejected
Cost of Return Trip | 106.91 16.92 Ho
(X13) 6 ' rejected
Activity of Return Ho
Trip (Xua 14.850 | 21.03 accepted

Source: Primary Data

It can be seen by analyzing the calculation re-
sult that value of chi-square is greater than the val-
ue of chi-square table (chi-square test), and chi-
square table — Hp is rejected. It means that there is
a relationship which may affect independent varia-
bles and the dependent variable, while the initial
hypothesis (Ho) for the variable «settle-
ment/residence», «frequency of trips departure»,
«the activity of the trip departure», and «the activi-
ty of the return trip» was accepted. It means that
those variables do not have influence of determin-
ing the transport modes.

The Analysis of Significance Value
of Mode Usage

After knowing the chi-square value based on
the analysis results and provision chi-square table
that has been set, the next step was observing the
significant value variable (independent variable on
the dependent variable) consisting of gender, age,
pocket money per month, settlement/residence, fre-
quency of trips departure, distance of trips depar-
ture, long trips departure, travel expenses departure,
activity trips departure, the frequency of the return
trip, the distance the return journey, a long journey
home, the cost of the return trip, and the activities of
the return trip on the use of modes of transport. In
the process of analyzing the significance of value,
cross-tabulation mode is used to the variable to be
tested and to observe how the variable entanglement
with the conditions is set. The following probability
value analysis results obtained with SPSS for Win-
dows version 25, and which has a consensus that
can be seen in Table 2 below.

At Table 2, it can be seen that the results of the
analysis of significant value are tested. It is known
that if the value of the significance is below a 0.05,
the studied variables are said significant, but if the
value of the significance is above a 0.05, the stud-
ies variables are not significant. Based on the test,
it shows that the variables of gender, age, pocket
money per month, the traveling distance set off,
long trips departure, travel expenses set out, the
frequency of the return trip, the distance the return
journey, a long journey home and the cost of the
return trip is a variable having a significant value
that can influence the behavior of the mode of
travel used by students of SMAN 10 Palembang to
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see the standard of provision of significance a val-
ue 0.05 which is smaller than the value obtained
from the analysis.

Table 2
Significant Value of Variables
Variable o Probability Note
Sex (X1) 0004 | o005 | Signifi
cant
Signifi
Age (X2) 0.003 0.05 cant
Monthly Pocket Signifi
Money (Xs) 0.000 0.05 cant
. Not
Settlement/Residenc 0.059 0.05 Signifi
e (Xs) cant
. Not
Frequency of Trip | 557 | 005 | signifi
Departure (Xs)
cant
Distance of Trip Signifi
Departure (Xg) 0.018 0.05 cant
Length of Trip De- 0.002 005 Signifi
parture (X7) cant
Travel Expenses Signifi
Departure (Xs) 0.000 0.05 cant
. . Not
Activity of Trip 1 557 | 005 | signifi
Departure (Xo)
cant
Frequency of Return Signifi
Trip (X1o) 0.004 0.05 cant
Distance of Return 0.001 005 Signifi
Journey (X11) cant
Long Way Home 0.000 0.05 Signifi
(X12) cant
Cost of Return Trip 0.000 0.05 Signifi
(X13) cant
. Not
Activity of Retum | g 556 | .05 | signifi
Tl’lp (X14) cant

Source: Primary Data

Besides, it indicates that o 0.05> is the signifi-
cance value obtained, the Ho is rejected. It means
that between independent variables and the de-

pendent variable there is a correlation or influence.
While variable residence, frequency of trips depar-
ture, travel activity to school and return home ac-
tivity have no correlation or influence on the travel
behavior of the student mode. It indicates that the
test analysis results significant value greater than
the standard provisions exist a significance value
of 0.05, so that indicates Ho has no correlation or
influence on independent variables with the de-
pendent variable. The frequency of trips departure,
travel activity to school and return home activity
have no correlation or influence on the travel be-
havior of students’ mode.

The test analysis results showed that significant
value is greater than the standard provisions of sig-
nificance value that has been set which was « 0.05.
Therefore, it indicates Ho has no attachment or in-
fluence of independent variables with the depend-
ent variable. The frequency of trips departure,
travel activity goes to school and return home ac-
tivity have no attachment or influence on the travel
behavior of the students’ mode.

Opportunity Selection Student Bus
Transportation

Based on the data summarized and analyzed to
determine service and facilities of students’ bus,
the following ratings desired service of students
transport mode was being simulated to utilize bus
as mode of students’ behavior at SMA Negeri 10
Palembang can be seen in Table 3 below.

The table above showed those students whose
trip to and from school by public transport have
bigger possibility of utilizing the school bus exist-
ence. The average value is known in the public
transport modes by 4.73%. It indicates that re-
spondents whose daily travels to school use public
transport enable the transition to the school bus,
while the smallest of the average value is the use of
the car and pedestrians at 3.66. It shows the lack of
the respondents’ interest to use the school bus. The
school bus that cannot accommodate the students’
various need, especially those whose way home
and to school is by cars influence their desire not to
pick school bus. However, comfort, safety, cost,
time travel and school schedule become the most
influential factor variables that make students pick
the school bus.
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Table 3

The Assessment of Respondents toward Services and
Facilities Based on the Transport Modes

Score

Av-
erage

Items of

iabl Public
Variable Car

Transpor-
tation

Pedes-
trian

Motor-
cycle

The
Service
of 3.81
School

Bus

412 4.77 410 | 4.20

The
Transi-
tion of
School

Bus

3.06 3.65 4.95 3.87 | 3.88

Travel

time of

School
Bus

3,63 3.88 441 4.00 | 3.98

Sched-

ule of

School
Bus

3.25 3.62 4.05 3.83 [ 3.65

Cost of
School
Bus

3.94 4.24 5.00 3.7 4.22

Passen-
ger’s
Safety

4.00 4.59 5.00 3.93 [ 4.38

Passen-
ger’s
Com-

fort

4.00 4.68 5.00 3.88 [ 4.39

Aver-
age
Source: Primary Data

3.66 411 4.73 3.92

Originality and Practical Value

There have been many studies discussing pub-
lic transportation. However, this study limits only
in discussing the use of school bus regarding stu-
dents’ transport modes. Generally, this study con-
tributes positive outputs in some aspects, such as:
economic, management and safety. Indeed, the
existence of school bus will help students who
have some difficulties, including distance, eco-
nomical problem and so on.

Conclusions

Based on the survey conducted and the results of
data processing, it has been identified that the charac-
teristics of respondents are dominated by motorcycles
users with 46.7% female, 32% were aged 16 years,
43.7% have monthly pocket money of <IDR.
750.000, — and 49.3% reside in the district of Ilir
Barat 1. While the characteristics of trip to school and
return home is dominated by the motorcycle at
a leaving distance of 58.7% and return for 55.3% in
the range of the travel distance of 0.1 to 4 kilometers,
travel time of leaving for is 41% and 35.7% for
returning home in the range of travel time
2-10 minutes, the cost of leaving for is 67.67% and
a 58.3% return in the range of IDR 0 —4000, and fre-
quency of activity to school 71.7% and 64% return to
home indicates that the most travel activity is simple
trip without a stop other than the place of destination.

The factors that affect the use of modes of
transport for students journeys at one time to and
from school are as follows: a) sexes (X1), b) age
(X2), ¢) monthly pocket money (X3), d) distance
of trips departure (X6), e) long trips departure
(X7), f) leave travel expenses (X8), g) the frequen-
cy of the return trip (X10), h) the distance of the
return trip (X11), i) the long way home (X12) and
j) cost journey home (X13).
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AHAJII3 OCOBJIMBOCTEM MOI3J0K YYHIB I MOXKJUBOCTI
3AIMCHEHHSA HIKIJIBHOI'O ABTOBYCHOI'O ITIEPEBE3EHHSA

Merta. Ile mocmimkeHHs OyI0 MPOBEACHO 3 METOI OTPHMAHHS IMOKAa3HHKIB PECIIOHICHTIB (IEPEBAKHO CEpen
MPUBATHAX KOPUCTYBAYiB TPAHCIIOPTHHUX 3ac00iB) m0/10 crmocobiB ix mepecyBanHs. Meroauka. AHani3 GyB BHKO-
Hauwii 3 Bukopuctauusm Microsoft Excel i SPSS Bepcii 25 mst Windows. PesyabtaTn. OTpuMani pe3ysibTaTd mo-
Ka3zaiu, o (GakTopH, SAKi BINIMBAIOTh Ha BUKOPUCTAHHS BUAIB TPAHCIIOPTY VIS MOI310K y4YHIB B OJMH Yac y IIKOIY
i 31 wkonum, Taki: a) crare (X1); 6) Bik (X2); B) momicsuHi kuiieHpkoBi rpomi (X3); 1) Bigcrans (X6);
1) BimmpaBieHHs B ganeki noi3aku (X7); e) Burpatu Ha BiapsypkerHs (X8); %) dacrota 38opoTHOrO peiicy (X10);
3) BiZIcTaHb 3BOPOTHOTO peiicy (X11); i) noBruii uuisx gogomy (X12) i k) BapTicts moizaku moaomy (X13). Moxiiu-
BICTb HaJIaHHS IIKUIFHOTO aBTOOyca MOXe OTPUMaTH XOPOIIi BiATyKH, TOMY L0 Y4YHI BBOKaTUMYTh 3a Kpalle BHUO-
paTu rpoMajaChKuil TPaHCIIOPT, SIKWI IHTETPOBAaHMM 31 IIKOJIOO, TAPaHTYE SIKICHE 00CIYroByBaHHS, O€3MEeKy, MEHIY
BapTiCTh 1 eeKTUBHICTh. DAaKTUYHO Lie HE CTOCYETHCS YUHIB, SKi MPOXKUBAIOTH MMOOJIN3Y IIKOJIH 1 MOXKYTh J00Mpa-
THCS TILIKHM, OCKUIBKM iXHI INOI3AKM B IIKONY i Has3am IOAOMYy € KopoTkodacHMMH. HaykoBa HoBu3Ha. byio
NPOBeJIeHo 0arato JIOCHi/KeHb 3 OOrOBOPEHHS POOOTH TPOMAACHKOro TpaHcropty. Ilpore me mociimkeHHS
OOMEXXYETBCS JIUIIE PO3MIIIOM MOXKIMBOCTI BUKOPUCTAHHS IIKITBHOTO aBTOOYCa K TPAHCIIOPTHOTO 3ac00y YYHIB.
I[pakTHyHa 3HAYUMICTB. SIK PaBHIIO, 1Ie TOCITIHKCHHS A€ MIO3UTHBHI Pe3yJIbTaTH B TAKHX aCIEKTaX K CKOHOMi-
Ka, YOpaBIiHHA i Oe3meka. Hacmpapni HasBHICTh OIKUTBHOTO aBTOOyca OTIOMOXE yYHSM, SKi MArOTh TPYXHOIIL
3 BIICTaHHIO, OOMEXCHi B KAIIICHFKOBUX TPOIIAX TOIIIO.

Kniouosi crosa: BUIM TpaHCTIOPTY; XapaKTEPUCTHKA MOI3/10K; IUIaH LIKUIFHOTO aBTOOyca; TpoMajIchKa ciryx0a
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AHAJIN3 OCOBEHHOCTEM MOE3/IOK YYEHUKOB U
BO3MOXHOCTHU OCYHECTBJIEHUA HIKOJIBHBIX ABTOBYCHBIX
HEPEBO30OK

Henb. D10 ucciaemoBanue ObUIO MPOBEACHO C LEJBIO IOJMYYCHHS IIOKa3aTelell PECIOHACHTOB (IpeHMyIie-
CTBEHHO CpEAM YaCTHBIX IOJB30BAaTE]EH TPAaHCIOPTHBIX CPEICTB) MO MOBOLY CIIOCOOOB HMX INEPEABHIKCHHS.
Mertoanka. Ananu3 ObUT BBINOJHEH C ucmosib3oBanueM Microsoft Excel u SPSS Bepcum 25 mis Windows.
Pesyabrarsl. [loigyueHHbIe pe3yabTaThl MOKa3aiH, 4TO (haKTOPHI, BIUSIONIME HAa UCIIOIb30BaHUE BHJIOB TPAHCIOPTa
JUTS TIOS37I0K YYAIMXCS B OJTHO BPEMs B IIKOJIY U M3 IIKOJIBI, TAaKOBHI: a) moi (X1); 0) Bo3pact (X2); B) exemMecs -
HBle KapMaHHbIe AeHbrH (X3); T) paccrosiHue (X6); 1) OTHpaBIeHHs B TAJIbHHUE 0e31KH (X7); €) KOMaHAUPOBOYHbIE
pacxoasl (X8); x) wactoTa obpatHoro peiica (X10); 3) paccrosiuue odparHoro peiica (X11); n) noaruii myTh 1oMon
(X12) u x) croumocts moe3nku gomoil (X13). BO3MOXHOCTH MPETOCTABICHUS IIKOJIBHOTO aBTOOyca MOXKET
MOJTYYUTh XOPOUINE OTKIHMKH, IIOTOMY YTO YYCHHKH INPEIIOUYTYT BHIOpaTh OOIIECTBECHHBIH TPAHCIOPT, KOTOPBII
MHTETPUPOBAH CO MIKOJIOW, TapaHTHPYeT KauyeCTBEHHOE OOCIy)XHMBaHME, 0€30IIacHOCTh, MEHBUIYIO CTOMMOCTH
n >ddextuBHOCTh. PaKTHUECKH 3TO HE KACAETCS YUCHUKOB, KOTOPBIC IPOXHMBAIOT BOJIHM3M IMIKOJBI M MOTYT
JOOMpaThCA TEIIKOM, IIOCKOJNBKY WX TOE3JKH B IIKOTY M OOpaTHO JOMOW SBISIOTCS KpPaTKOBPEMEHHBIMH.
Hayunast HoBH3HA. BbIIO TPOBEICHO MHOTO HCCIIEAOBaHMUI 1O 0OCYXKJICHNIO pabOThI OOIIECTBEHHOTO TPAHCIIOPTA.
Tem He MeHee 3TO HCCel0BaHHE OIPAaHMYUBACTCA TOJIBKO PACCMOTPEHUEM BO3MOKHOCTH HMCIOJIB30BAHUS IIKOJIb-
HOTO aBTOOYCa B KauecTBE TPAHCIIOPTHOTO cpeiacTBa ydammuxcs. Ilpakrudeckasi 3HaunmMocThb. Kak npaBuio, 31o
HCCIICIOBaHME J1aeT MOJOXKUTEIbHBIE PE3yIbTaThl B TAKUX ACHEKTaX KaK S3KOHOMMKA, YIpPaBICHHUE U 0E30MacHOCTb.
B nelcTBUTEIBHOCTH HAJMYUE HIKOJIBHOTO aBTOO0YCA MOMOXKET YYaIlMMCs, KOTOPBIE UMEIOT TPYAHOCTHU C PaccTos-
HHUEM, OTPaHIUUYEHBI B KApDMaHHBIX AEHBIax U T. MO/,

Kniouesvie cnosa: BUABI TPAaHCHOPTA; XapaKTEPUCTHKA IOE3/I0K; IUIAH INKOJBHOTO aBTOoOyca, oOIIecTBEHHAs
ciyx06a
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OCOBJHUBOCTI ®OPMYBAHHSA CTPYKTYPHU TA BJIACTUBOCTEH
CTAJI 09X3HM3®bY I YAC XIMIKO-TEPMIYHOI'O
OBPOBJIEHHA

Mera. VY poboti HE0OXimHO AOCHITUTH (POPMYBaHHS CTPYKTypHOTO craHy HOBOi ctaimi 09X3HM3®bu micms
[EeMEeHTAaIlil f HaCTyIHO1 TepMiYHOT 00pOOKH Ta a30TyBaHHS. BU3HAUNTH palliOHATHHUN PEKUM XiMiKO-TEpPMITHOTO
00po0OIeHHS, Ak 3a0e3MedyBaTuMe CTBOPEHHS OHOPIAHOTO AU y3iHOTO ImIapy ¥ BHCOKI MEXaHIYHI Ta eKCInTya-
TauiiHi xapakrepuctuku. Meroauka. XiMiko-TepMidHy 00pOOKY MPOBOIWIM Ha TIEPBUHHE i BTOPUHHE TBEPIIIHHS 32
4yoTupMa BapianTamu 3 Bukopuctanusam neueit SIEMENS i ACEA. AzoryBaHHS NpOBOJMIM y J1Ba eTanu. J{jist BUsB-
JICHHST MIKPOCTPYKTYPH CTaJll JOCIiJHO-IIPOMHCIIOBOIO BUPOOHHUIITBA MPOBOJMIN TPABJICHHS B 4-BiICOTKOBOMY PO3-
YMHI a30THCTOI KHCIOTH, MeTanorpadidne J0CITiKESHHs TIPOBOMIUIA 3a TIEPETHHOM 3pa3ka Ha Mikpockomi AXio Ob-
served.D1m. [lis Bu3Ha4YeHHs eeKTHBHOT IHOMHM Muy3iiHIX [IapiB MiCis [eMeHTallil i a30TyBaHHS BUMIPIOBAITH
MmikpotBepaicth Ha mpwiani LECO LM248AT, a BuMiproBaHHs rapsidoi TBEpAOCTI MPOBOIMIM Ha npuiani Wilson
Rockwell Hardness Tester. Pe3yabraTu. J{jis oTpUMaHHS OJHOPIHOTO CTPYKTypHOTO ctany crani 09X3HM3dbu
i MakCHMaJbHUX Pe3yJIbTaTiB MEXaHIYHUX Ta EKCIUTyaTalliifHMX XapaKTepPUCTHK MPOBOAWIM XiMiKO-TepMiuHy it Tep-
MiuHy 00poOKy 3a peskumom: memeHTaris 3a 930 °C 3 ByrienesmM moteHmiatom 0,22, 13 ron Bimman 3a 650 °C,
5-7 ron raprysanns Bix 1 030 °C 3 oxonomkeHHSAM y Macii, TpukpatHe BimmyckanHs 530 °C, o0poOka xomomoM —
70 °C 3 Butpumkoro 1 rox 30 xB i HactymHe BimmyckaHHs 3a 510 °C 1 roa. ITicns neMeHTarii rapTyBaHHS IPOBOIIITH
B inTepBaii Temneparyp 1 0001 030 °C st 3anobiraHHs nepeHacHIeHHs: podouoro qudy3iiHOro mapy it yrBopeHHs
kapOigHoi citku. HactymHe tpukparne Bigmyckanns 530 °C i o6podka xonomom — 70 °C Bmpomosx 1 rox 30 xB
CIPHUSUIM  PO3Majy 3aJMIIKOBOTO ayCTeHITY W YTBOPEHHIO JApiOHO3EPHUCTOr0 MAapTEHCUTY BiIIYCKaHHS.
HaykoBa HoBu3Ha. Po3po0IieHO pallioHaNbHUN PEXKUM XIMIKO-TEPMIUHOT i TepMiuHOT 00OpOOKH, SIKMH 3a0e3MeunTh
MaKCHUMallbHI MeXaHiuHi Ta ekciutyaTauiiHi BiactuBocti craimi 09X3HM3®dbu 3aBasku 3a3nalieriis BUZHAYEHOMY
CHIBBIIHOIIEHHIO CTPYKTYPHHX CKJIaJIOBUX IIeMeHTOBaHOro miapy. IIpakTuyHa 3HauMMicTh. ATIpoOOBaHMI peKUM
XiMIKO-TepMigHOT 00poOKH OaraTokoMIIoHeHTHOT JieroBaHOi cTani 09X3HM3®bu supobruntea AT «Motop Ciu» Ta
JIT «Isgenko—IIporpecy, sika po3pobieHa It 3y0UaTHX KOJIIC aBialliiHIX PeTyKTOPIiB ra30TypOIHHUX JIBUTYHIB HOBO-
T'O MOKOJIHHS, CYTTEBO Mi/IBUIYE TEIUIO- Ta EHEPrOHABAHTAXKEHHSL.

Kniouosi crosa: MIKpOCTPYKTYpa; MapTEeHCHUT; ayCTEHIT; [IEeMEHTAIlisl; a30TyBaHHS; MIKPOTBEpAICTb; TBEPIICTH;
TpaHUIS MIITHOCTI

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/172412 © B. B. Kiounxin, O. b. Munocepzos, O. C. Ilogopora, B. I'. Mimienko, 2019

92


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopty. BicHuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

MATEPIAJIO3HABCTBO

Beryn

CsitoBuii mporpec niTakoOyTyBaHHS HEBITWHHO
IUKTY€E 3pOCTAaHHS BHUMOT JIO BJIACTHBOCTEH Mare-
piamiB, sKi TOBHHHI 3a0€3MeTyBaTH OAHY 3 OCHOB-
HHX HOTO CKJIAa0BUX — MiIBUILEHHS PeCypcy Ira3o-
TypOiHHUX ABHUTYHiB. Ha cboromni mocrana mpo-
OyieMa TiABUINEHHS MOTYKHOCTI JIBUTYHIB i, BiJ-
MOBIHO, 30UIBIIEHHS O00EpPTAIFHOTO MOMEHTY
aBlalliifHUX PEAYKTOPIB JITakiB 3a 30epeKeHHs
ixHpOT Macu Ta po3mipiB. OCHOBHI BUMOTH BHUCY-
BAaIOTh JI0 Ba)KKO HABAHTAKECHHUX 3yOuUacTHX KOJIIC,
SIKi TIOBHHHI TPAIOBaTH B YMOBAax IiABHIIEHUX
pobounx temmepatyp mo 450 °C [6, 11].

(BKC-5) Bke maBHO 3acTapiliyd Ta He BiAIOBima-
I0Th CyYacHHM BHMOTaM IIO0 EKCIUTyaTalliifHHuX
xapaktepuctuk [1, 4, 5].

3akopmonnuii ananor craae M50 NiL mae Bu-
COKi TTOKa3HWKH MEXaHIYHHX BIIACTHBOCTEH, IpOTE
32 PaxyHOK HEBHUIIPABJAHO BHCOKOTO JIETYBaHHS
BUMarae CKJagHol XiMiKO-TepMiuHOI 0OpoOKu st
OTPHMAaHHS 33/I0BUTBHOI CTPYKTYpPH Ta BIACTHBOC-
Tei [7, 9].

CriBpoOiTHUKN Kadenpu NpUKIamHoi (i3uku
1 Ha"HoMarepiamiB 3amopi3bKOTO HaIliOHAIHHOTO
yuiBepcurery (3HY), Il «IBuerko—IIporpecy,
AT «Motop Ciuy» po3poOmiIn HOBY LIEMEHTOBAaHY
BTOpPHHHO-TBepAirouy ctanb 09X3HM3®Dbu 3 pa-

HaiiOiipmr  Bigomi BITUM3HSHI L€EMEHTOBAHI . e
crari 14XTCH2MA (JIF-3A), 16X3HBM®B [IOHAJBHUM XiMIYHUM CKIagoM (Tabm. 1).
Tabnuus 1
XimMiuHMH CKJIaQ HEMEHTOBAHHUX CTaJIeH*
Table 1
Chemical composition of cemented steel*
No ) BwmicT neryBanpHUX €JIeMEHTiB, %
Mapxka crani - -
3/m C Mn Si Cr Ni Mo w v Nb | Ce(Al)
14XT"CH2MA
1 (I-3A) 0,14 0,8 0,6 1,4 1,8 0,35 - <0,06 — -
2 16?55?%;1’5 016 | 05 | 05 | 28 | 12 | 05 | 12 | 05 | 015 | 004
3 M50 NiL 0,13 0,3 0,25 4,0 3,5 4,25 - 1,2 - -
4 | 09X3HM3®Bu | 01 | 048 | 034 | 29 | 144 | 299 | - | 033 | 03 (20082?

*Buict P, S <0,025 %

[IpoBeneHi aBTOpamMu MOMEPEIHI TOCTIIHKEHHS
3 onruMmizarii xiMigaoro ckiany [3, 10] crpusiu
30iJBIIEHHIO TPaHWIl IUIMHHOCTI HOBOI CTali
W MiJBUIIWIN KOHTAKTHY BHTPHUBANICTh Y 5 pasiB
nopiBHsHO 3i cTayuto BKC-5 [2].

Iepesaroro LIEMEHTOBAHO1 craii
09X3HM3®dbu € BUCOKAa TEIUIOCTIMKICTH — MakK-
cUMaJlbHa  TeMIepaTypa eKCIUIyaTallii — csrae

450 °C, Bognouac y cramsax 14XI'CH2MA (AU-
3A) it 16X3HBM®b (BKC-5) BoHna He mepeBu-
urye 180 ta 300 °C Biamosigno [8, 11]. 3a paxyHok
ONTHMAJILHOTO JIETYBaHHS pO3po0JeHa CTaib
09X3HM3®bu Mae BHCOKiI IMOKa3HWKH TpPaHUII
MilHOCTI (03) Ta MEHIIY TBEPIICTh CEPIICBUHU
(39,5-40 HRC), 1m0 po6GHTH CTaIb OIIBIIT TEXHOIIO-

ri9HOI0 710 00poOKM pi3aHHSAM moOpiBHsAHO 3 M5S0
NiL (43-45 HRC).

Meta

OcHoBHa MeTa poOOTH MOJIsITae y BUOOpI pari-
OHAJILHOTO pEeXuMy Ximiko-tepmiuHoro (XTO)
it repmiunoro (TO), sikuit 3a6e3nedyBatume (Hop-
MYBaHHS OJTHOPIZHOT CTPYKTYpHU ¥ 3aJI0BUTBHI Me-
XaHIYHI BIIACTHBOCTI MOBEPXHEBOTO POOOYOTO IIa-
py Ta cepreBunu crtan 09X3HM3Dbu.

MeTtoanka

Jist MOCHIJKEHHST CTPYKTYpH W MEXaHiYHHX
BJIACTUBOCTEH JIOCHITHO-IIPOMHUCIIOBOI MapTii cTaii
BurotoBieHi mnpytkd © 90 MM Ta TIOKOBKH

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/172412

© B. B. Knouuxin, O. b. Munocepnos, O. C. Ilogopora, B. I'. Minienko, 2019

93


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

MATEPIAJIO3HABCTBO

@ 150 mMm Bucororo 70 mm Ha JI1 «YkpH/Icmerc-
Taiep». JlochigHi cTanmi BHTOTOBISIIM y BaKyyMHIN
IHAYKIIMHIA Tedi 3 HACTYIIHUM BaKyyMHHUM Tiepe-
TJTABJICHHSM B €NIEKTPOAYTOBIN Medi.

BxinHnii KOHTPOJE, skuii poBean B AT «Mo-
top Ciu», IOKa3aB HACTYIHI pe3yIbTaTH MeXaHiu-
HHUX BUNPOOYBaHb (TalmI. 2).

Jns mocmimkeHHs QopMyBaHHS palioHANTBHOT
CTPYKTYPH pO3pOOIIeH] AeKinbKa PeXuMiB XiMiKO-
TEPMIYHOTO OOpPOOJICHHS CTalli TPOMHUCIIOBOTO BH-
pOOHHIITBA Ha TIEPBHHHE 1 BTOPWHHE TBEPHIHHS
(Tabum. 3).

TabOnums 2
Mexaniuni BiacTuBOCTI qocaigHo-mpoMuciaoBoi craii 09X3HM3®Pbu
Table 2
Mechanical properties of experimental and industrial steel 09Cr3NiMo3VNbr
Ne 3paska os, MIla 3, % Y, % HRC KCU, Jix/cm?
pyTox @ 90 MM 1219...1 223 16,4...18,4 58.8...66,1 39,5...40 12...28
Toxoska @150 1 4943 1309 | 160...184 | 56.6...64.1 39,5...41 15...17
MM, Bucota 70 MM
Tabmums 3
Pe:xxumu XTO crani 09X3HM3®Dbuy

Table 3

Types of thermochemical treatment of steel 09Cr3NiMo3VNbr

Bapianr

Pexum XTO

1

Iemenrarris 3a 930 °C 3 ByrieneBum moteniianom 0,22, 13 rog,
Bigmai 3a 650 °C, 5-7 rox,
rapryBanHs Big 900 °C 3 0X0JIOKEHHSM B MacIIi,
00pobka xomomom — 60 °C,
BigmyckauHs 3a 250 °C

rapryBanHs Bix 1 03

Hewmenraris 3a 930 °C 3 ByrirenieBum moteHmianom 0,22, 13 rogx,
Bigmai 3a 650 °C, 5-7 rox,

0 °C 3 0XO0JIO[KeHHSIM Y Maci,

TpukpartHe Biamyckanus 3a 530 °C

rapryBanHs Bix 1 03
I’ ITUKPATHE

Hemenraris 3a 930 °C 3 ByrirenieBum moteHmianom 0,22, 13 rogx,
Bigmai 3a 650 °C, 5-7 rox,

0 °C 3 0XO0JIOKCHHSM Y Macii,
BinmyckanHs 3a 530 °C

raptyBanHs Bix 1 03
TPUKpaTHE B
00poOka xonomgom —7

Hemenraris 3a 930 °C 3 ByriienieBum motentianom 0,22, 13 rog,
Bixman 3a 650 °C, 5-7 rog,

0 °C 3 0X0JIO[DKEHHSIM Y MacJIi,
immyckanss 3a 530 °C,
0 °C 3 purpumkoro 1 rox 30 xB,

Bigmyckanus 3a 510 °C, 1 rox
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XTO nposomunu B nmeyax SIEMENS 1 ACEA.
Temnepatypy ¥ BUTPUMKY IIiJl 9ac IIeMEHTAIl] mi-
IOMpany TakuM YHMHOM, 100 3a0e3Mme4uTd Heoo-
XiHy TOBIIWHY nudysidHoro mapy 1,4-1,6 mm.
Pinke a30TyBaHHS NPOBOAWIM Yy JBA €TalM JUIA
3a0e3MeyeH s 3a1aH0i TOBIIMHU a30TOBAaHOIO Ia-
py 0,5-0,7 mm. Ilepmuii eram a30TyBaHHS IPOBO-
mun 3a temmeparypu 520 °C, BUuTpuMku 25 rof,
nmucomianii 25-30 %, motiMm HarpiBamu g0 540 °C
3 BUTpUMKOIO 35 rox, nucoriamiero 40-50 % i Ha-
ctynmHuM aea3otyBaHHsM 10 rox. udysiiine Ha-
CHYEHHS Yy BCIX BapiaHTax MPOBOJIMIH 32 TEXHOIIO-
rieto AT «Motop Ciu» 11 KOHCTPYKLIHHHUX CTa-
nei MapreHcuTHOro kiacy. Iliarorosneni mutigu
MPOUTILTN TPaBICHHSA B 4-BiICOTKOBOMY BOJHOMY
PO3UMHI a30THUCTOI KUCIOTH. MeTanorpadivHi J0-
CITIJDKCHHS TIPOBOAMIM Ha Mikpockomi AXio Ob-
served.D1m 3a 36inbmrens y 100 i 200. s KOHT-
poito sKocTi AuQyY3iHHUX MapiB 1 BA3HAYECHHS Mi-
IHOCTI MIKp0OO0O’€MIB TOCIITHOT CTaNi MIiCHs IIeMe-
HTAIlil ¥ a30TyBaHHS BUMIipIOBAIA MIKPOTBEPAICTh
Ha npunani LECO LM248AT.

PesyabTaTtn

Ximiko-TepmiuHe 0OpoOJIeHHs 3a BapiaHTOM |
(tab:. 3), AKUii BIAMOBIAAB PEXKUMY rapTyBaHHS Ha

nepBUHHY TBepaicTh it crami BKC-5 [4, 8],
CIPUSIIO OTPUMAHHIO TJIHOWHH IIEMEHTOBAHOTO
mapy 1,53 mm.

ToBmuHa TOBEPXHEBOTO AM(PY3IHHOTO APy
cranouna nuie 0,14 MM, o 0OyMOBJIEHO HU3b-
KOI0 TEMIIepaTypol0 TapTyBaHHA 1, BiJIMOBITHO,
YINOBUIPHEHUM MPOTiKaHHSIM AWQY31MHUX Tpole-
ciB. MikpocTpyKTypa IIEMEHTOBAHOTO MIapy CKJIa-
Jana ApiOHOTOIYACTHI MapTCHCUT 1 3HAYHOK Ki-
JIBKICTIO HAJUTMITKOBUX CIEI[IAIbHUX KapOisiB
OBAIBbHOI Ta CTOBIMUACTOI (POPMH, IO CBIAUHIIO
Mpo TIEpeHACUYCHHS MMOBEPXHEBOIO IIapy CTaii
ByIJIeLleM. Y3[I0BXK MEPETHHY 3pa3Kka 3ycTpiuancs
HaJJIMIIKOB] ~ crienianbHi  KapOimum tuny MeC,
Me;Cs, MesC y BUTIISAII MOOJUHOKHX TUCTIEPCHUX
(a3 1 kapOigHa ciTKa apyroro Oana BiIIOBIIHO JO
I'OCTy 8233-56.

[Ticas xiMiko-TepMidHOT 0OPOOKH 3a BapiaHTOM
2 (tabm. 3), mo Bimmosinas TY Y 27.1-00186536—
005.2016 [3], rimOuHa LEeMEHTOBAaHOTO Inapy 30i-
memmack 10 1,6 M. TloBepxHeBuil nudysiitamii
map TakoX 30UThIIMBCS y 2,5 pa3d MOPIBHSHO
3 monepeaHiM pexumoM XTO i cranous 0,36 M.
MikpocTpyKTypa BiANoOBifiajga KpyMHOTOI4acToMY
MapTEeHCUTy ¥ 3aiuiikoBoMy aycterity mo 30 %

(puc. 1, a, 6).

| L=0,36 mm

Puc. 1. Mikpoctpykrypa audysiiiHoro mapy craii micius pexxumy XTO (BapianT 2, tabi. 3):
a — 30inpmenns x100; 6 — 30inbmenHs x200

Fig. 1. Microstructure of steel after the thermochemical treatment (option 2, Table 3):
a — increase x100; b — increase of X200

VY nepexinHiil 30HI KUTbKICTh 3JIMIIKOBOTO ay-
CTEHITY 3MEHIIyBaiach Maibke BIBiui (= 15 %).
MikpocTpyKkTypa CEpLEBHHH CTaHOBMJIA HH3BKO-
BYTJICLIEBUI MAapTEHCUT BIIITYCKaHHS.

3pa3ku, 00poOseHi 3a BapianTamu 1 1 2
(tabm. 3), BunpoOyBamM Ha TEPMOCTIHKICTH 13 Ha-
CTyIHUM BHUMIPIOBaHHSIM Taps4doi  TBEpHOCTI
(Tabm. 4). YcraHOBIIEHO 3HAYHY ITEPEBAry TBEPJIO-
CTi 3pas3KiB, sIKi 00po0JieHI Ha BTOPUHHY TBEPIIiCTb.
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Tabnumns 4

PesyabsTaTn BUnpodyBanb rapsuoi TBepaocti craui 09X3IHM3®by

Table 4

Hot hardness test of steel 09Cr3NiMo3VNbr

Tsepuicts HRC
Ne T ,°C o
3paska eMIIepaTypa BUTPHUMKH Jo Bano6y32?cl,T :a TepMOCTiit T —

350 58,5-59 57

1 400 59,5 57-58
450 60 56-57
350 60 60

2 400 61 61
450 60,5 61

BumnpoOyBaHHsi raps4oi TBEpAOCTI MOKa3aiH
3aJIOBLTBHI PE3yNbTaTH 3pa3KiB MICHSA TePMIdHOT
00poOku 3a BapianToMm 2 (Tabn. 3), IO CBIAYUTH
Mpo 3a0e3MeYeHHs CTaOUIbHOI CTPYKTYPHU B YMO-
Bax ekcruryaramii cram. HactymHi pexxumu XTO
PO3poOIIEH] 3 METOI0 3MEHIIEHHS KUTBKOCTI 3ajH-
IIKOBOTO AayCTEHITy W OTpUMaHHS OJHOPITHOT
CTPYKTYpH B Iu]y3iiHOMY Ta MepexiTHOMY HIapi.

XiMiko-TepMigHa 00poOKa 3pa3kiB 3a BapiaH-
ToM 3 (Tabu. 3) cripusiia HE3HAYHOMY 3MEHIIIEHHIO
KUTBKOCTI 3aJIMIIKOBOTO ayCTEHITy. 301IbIICHHS
KIIBKOCTI BiJITyCKaHb MOPIBHAHO 3 PEXKHMOM 00-
POOKH BHUKJIMKAJIO TOSBY AWCIIEPCHUX CIIEIliab-
HUX KapOigaux ¢a3 Tumy MeC.

ITicns 06poOku 3a BapianTom 4 (Tabm. 3) Mik-
POCTPYKTYpa IIEMEHTOBAHOTO IIapy MpeACTaBisiIa
co0010 APIOHOTOMYACTHH MAapTEHCHUT 1 3aJIUIIKO-
Buit aycrenit (10 %) y moBepxHeBoMy mapi. Ta-
KAM YHHOM, TapTyBaHHS 32 BUCOKOI TeMIepaTypu
3a0e3neynsio OTpUMaHHs OaxxaHoi MIMOMHU 1eMe-
HTOBAHOTO IIapy, TPUKPATHE BiITyCKaHHS HaJlaJIo
OJTHOPITHOCTI CTPYKTYpi, a IomaTkoBa 0OpoOKa
XOJIOJIOM 3MEHIIIIA KUIBKICTh 3aJHMIIKOBOTO ayc-
TEHITY B 3 pa3u MOPIiBHSHO 3 BapiaHTaMH 0OpOOKH
213.

Hns BuzHaueHHS e(eKTUBHOI TTHOMHH TUDY-
31HOTO mIapy MIpsiTd MIKPOTBEPHAICTh 3a MEPETH-
HOM 3paska (puc. 2). Y moBepxHeBux mapax 0,2—
0,4 MM HaWBUIY TBEpIICTh MaiH 3pa3Kku, siKi 00-
poO:ewi 3a BapianTtoMm 4 (Tab:x. 3). Lle o6ymoBieHO
MiHIMaJTbHOIO KUTBKICTIO 3aJTHITKOBOTO ayCTEHITY.

BinnoBigHo 10 pe3ysbTaTiB BUMIpIOBaHHS MiK-
POTBEPIOCTI 3a MEPETHHOM 3pa3KiB yCTaHOBHIIN
rmuOMHYy a30TOBAaHOTO IIapy, fKa CKJIajaja
0,42 MM. MikpOCTpYKTYpHHUH aHai3 MMOKa3aB, IO
B TIPUIIOBEPXHEBIN 30HI BUHHKIIA YaCTKOBO J1€a30-
TOBaHa €-(haza, a TaKOX HAJIUIIKOBI HiTpuUAw Oi-
JBIIOTO PO3MIPY 3arajbHOI0 TIIMOWHOIO 3aJIATaHHs
0,053-0,047 mm (puc. 3, a). ITo mepeTuny a3oTo-
BAaHOTO IApy YTBOPUBCS a30TUCTUH MapTEHCHUT
1 3QIMIIKOBHWI AayCTEHIT, HAJUIAIIKOBI HITPHIN
Maiixe BifacytHi. Ha rim6uni 0,26 MM Bij oBepx-
Hi YTBOPHIIKCH TIPOOJIBHI TPl (pHC. 3, 0).

JletanmbHe BHMBYEHHS TOHKOI MIKPOCTPYKTYPH
cTai BUSBHJIO JiikBatiiHi qisaku ND, nepeBaxHo
opieHTOBaHi 3a TpaHulsiMu 3epeH. CylisbHi iX BHU-
TIEHHS MOXYTh TEePEIIKoKaTh audy3ii Byriero
Ta a30Ty W OOYMOBIIOBATH IIiJIBHIICHHS HArpy-
XKeHb Yy MK(a3HUX 30HaX, IO TPUBOJIUTH JIO TIOs-
BU TPIIIUH.
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Puc. 2. 3anexHicTh MiKpOTBEpAOCTI IleMeHTOBaHOTO IIapy ctaii 09X3HM3 Dby
Bij Horo riinbuHw 3a pizHux Bapiantis XTO (tadu. 3)
Fig. 2. Dependence of microhardness distribution on depth of the carbonized layer
of steel 09Cr3NiMo3VNbr under different variants of thermochemical treatment (Table 3)

Puc. 3. MikpocTpyKTypa a30TOBaHOTO maf)y crani 09X3HM3Obu:

ST P P SR SR R

a —36inpuienss y 200; 6 — 30inbmenns y100 pasis

Fig. 3. Microstructure of nitrated steel layer on 09Cr3NiMo3VNbr steel:
a — increase of 200; b — increase of 100 times

HaykoBa HOBH3HA Ta NPaAKTHYHA
3HAYHMICTh

Po3pobiieHo  parioHadbHHNA PEXKUM  XiMiKO-
TepMiyHOT W TepMidHOi 00poOKHM 111 HOBOI Oara-
TokoMioHeHTHOI ctam 09X3HM3®bu, skuit mo-
3BOJIIE OTPUMATH BHMCOKI TIOKA3HUKH Tapsiuoi TBe-

paocti 61 HRC i rpanumi minHocTi 1 219—
1309 MIla. VnmapHa B’s3KicTh 3a0e3MeUyeThCs
BHCOKOIO TEPMOCTIHKICTIO nucmepcHoi ¢asm, sika
CKJIaJaeThCsl 31 creuianbHUX KapOifiB MoiiOaeHy,
Hi00110, XpoMy cnpusTIuBOi Mopdoorii. Bubpa-
HUH pexXHuM XiMiko-TepMiuHOi i TepMmiuHOi 00p00-

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/172412

© B. B. Knouuxin, O. b. Munocepnos, O. C. Ilogopora, B. I'. Minienko, 2019

97


http://creativecommons.org/licenses/by/4.0/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopty. BicHuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

MATEPIAJIO3HABCTBO

Ku 3a0e3rneuye OTpUMaHHS OJAHOPITHOI CTPYKTYpH
i MiHIMaJIBHOT KijbKOCTI aycteHity (mo 10 %), y
pe3yabTaTi 4Oro JOCATAEThCS BHCOKA 3HOCOCTIi-
KicTh po0O0oUOTo mapy 3y09acTux KOJiC aBiaIliifHIX
PEAYKTOpIB.

BucHoBxku

3a pe3ynbTaTaMH TPOBEICHUX JIOCITIKEHBb
yCTaHOBJIEHO onTuManbHHUA pexum XTO # TO
s crani 09X3HM3®dby npoMHCIOBOrO BUPOO-
HUIITBA, SKUI 3a0e3Meuye ONTUMANIbHY CTPYKTYPY

1 BHCOKI IMTOKa3HUKH €KCILTyaTallifHUX BIACTHBOC-
TEH.

BumnpoOyBanns Ha rapsay TBepaicTs 3a 450 °C
crami 09X3HM3®bu mokazanmd 3amoBiIbHI pe-
3yJNbTATH TICIs TEPMIYHOI OOpOOKM Ha BTOPHHHE
TBEPJiHHSA, BOJHOYAC 30UIBIIWINCH MOKA3HUKU
rpanuni minHocTi go 1 219-1 309 MIla. Husbki
MMOKa3HWKH yIApHOI B’SI3KOCTI W yTBOPEHHS Tpi-
IIUH i1 Yac a30TyBaHHs OOYMOBJICHI 30HAJIHHOIO
JKBaLI€l0 1 MOB’S3aHi 3 MOPYLICHHSAM TEXHOJIOTI]
BHPOOHMIITBA CTAII.

10.

11.

CIIMCOK BUKOPUCTAHUX JUKEPEJI

Jlazeunsiit, . H. ®opmupoBanue npu XTO CTpyKTYphl U CBOMCTB LEMEHTYEMBIX CTaJIEH Pa3IMYHON TEIIO-
croiikoctu / U. H. Jlazeunsrii, U. I1. banac // HoBi Martepianu 1 TexHOJIOTIT B MeTayprii Ta MaltMHOOYlyBaH-
Hi. — 2005. — Ne 1. — C. 3744,

Maptunenko, B. B. BunpoOyBaHHs KOHTaKTHOT BUTPUBAJIOCT] LIEMEHTOBAHHX CTaJlel JUisl 3y04acTux KoJlic Ta
mapukoniamunHukis / B. B. Maprunenko, B. I'. Mimienko // 36. Hayk. mp. CTYAEHTIB, acIipaHTIiB i MOJIOANX
BuUeHNX «Moiona Hayka-2016» : y 4 T. / 3anopi3. Hail. yH-T. — 3anopixoks, 2016. — T. 1. — C. 356-358.
Mimenko, B. T'. JlociimpkeHHs CTPYKTypH Ta BJIACTUBOCTEH BTOPMHHOTBEPIIIOUMX IIEMEHTOBAHMX cTanei /
B. I'. Mimenxko, O. I. Mensiino, O. C. barpiitayk // Matepiano3HaBcTBO i TepmigHa 00poOka metamis. — 2013.
— Ne 2-3. — C. 48-53.

Moxoga, A. C. BakyymHas KOMOMHHpOBaHHAsI XMMHKO-TepMudeckas oopadotka cramu BKC-10 [Emextpon-
Huit pecype] / A. C. Moxosa, A. E. Cmupaos, A. I1. Anéxun // Unxernepnsnii BecTHUK. — 2015, — Ne 12. — Pe-
xuM poctymy: https://engsi.ru/doc/829172.html — Ha3zsa 3 ekpana. — [Tepeipeno : 12.08.2019.

IleperBopeHns aycreHiTy B 1meMeHToBaHiil crami I13X3HBM2® / I. M. Jlazeunwmii, O. B. Jlucums,
B. I'. Mimesnko, B. JI. CuixHoii, I'. B. CuixHnoii // HoBi MaTepianu i TEXHOJIOTIi B METaIyprii Ta MalIuHOOY-
nayBanHi, — 2011, — Ne 2, — C. 47-52.

[TpousBoicTBO 3yO4aThIX KOJIeC ra30TypOMHHBIX ABMratenei : npouss.-mpakt. uzganue / 0. C. Enucees,
B. B. Kpsmvos, 1. I1. Hexxypus [u ap.] ; mox pea. FO.C. EnuceeB. — Mocksa : Bricmas mikoina, 2001. —493 c.
Evolution of carbides on surface of carburized M50NIL bearing steel / J. L. Lian, L. J. Zheng, F. F. Wang,
H. Zhang // Iron and Steel Research International. — 2018. — Vol. 25. — Iss. 11. — P. 1198-1211.
doi: https://doi.org/10.1007/s42243-018-0166-4

Mixed-surface impregnation of gear wheels made of 13Kh3N3M2VFB-sh age-hardenable integrally alloyed
steel aimed at improving surface hardness, wear-resistance, and back-to-back endurance / A. E. Smirnov,
A. S. Mokhova, M. Y. Semenov, L. I. Kuksenova, R. S. Fakhurtdinov // Journal of Machinery Manufacture
and Reliability. — 2017. — Vol. 46. — Iss. 4. — P. 404—408. doi: https://doi.org/10.3103/51052618817040173
Ooi, S. Duplex Hardening of Steels for Aeroengine / S. Ooi, H. K. D. H. Bhadeshia // IS1J International. —
2012. - Vol. 52. —Iss. 11. — P. 1927-1934. doi: https://doi.org/10.2355/isijinternational.52.1927

Parameters control of 09Cr3NiMo3VNbr carburizing steel diffusion layer in the process of thermochemical
treatment / V. G. Mishchenko, O. I. Meniailo, O. S. Bagriichuk, O. I. Bulakh // Materials Science & Technol-
ogy Conference and Exhibition 2016 (MS&T’16) (23-27 October 2016). — Salt Lake City, United States,
2016.—Vol. 2. — P. 159-166.

Ryzhov, N. M. Technological provision of contact fatigue resistance for cemented gear wheels made of heat-
resistant steels / N. M. Ryzhov // Metal Science and Heat Treatment. — 2010. — Vol. 52. — Iss. 7-8. — P. 330—
335. doi: https://doi.org/10.1007/s11041-010-9277-7

Creative Commons Attribution 4.0 International

doi: https://doi.org/10.15802/stp2019/172412

98

© B. B. Knouuxin, O. b. Muinocepnos, O. C. Ilogopora, B. I'. Minienko, 2019


http://creativecommons.org/licenses/by/4.0/
1
Выделение


ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2019, Ne 4 (82)

MATEPIAJIO3HABCTBO

B. B. KJIOUMXUH!, A. 5. MUJIOCEPJIOB?, A. C. [IOJIOPOT'A*", B. I'. MUIIIEHKO*

tAO «Motop Cuuy», ip. Motopoctpourenei, 15, 3anopoxbe, Ykpauna, 69068, tex. +38 (061) 720 50 53,

a11. moura tb.ugmet@motorsich.com, ORCID 0000-0002-0754-5543

T «ABuenko-IIporpeccy, yn. MBaHoBa, 2, 3anopoxbe, Ykpanna, 69068, en. + 38 (061) 720 64 03,

a11. moura 77@jivchenko-progress.com, ORCID 0000-0002-3914-3725

Kag. «[Ipuxannas Gpu3nKka ¥ HAHOMATEPUAIB», 3aMOPOKCKUI HAIMOHALHEIA YHHBEPCHTET, YiI. JKyKoBCckoro, 66, 3armo-
poxbe, Ykpauna, 69600, ter. +38 (068) 262 28 94, 1. mouta ospodoroha@outlook.com, ORCID 0000-0001-7543-1276
“Kad. «[Ipuknannas Gpu3nka ¥ HAHOMATEPUAIbD», 3aIIOPOKCKHUIl HAMOHAIBHBIA YHUBEPCHTET, V1. XKyKoBckoro, 66, 3aro-
poxbe, Ykpauna, 69600, texn. + 38 (061) 228 12 06, s11. noura mishchen4d@gmail.com, ORCID 0000-0003-0992-478X

OCOBEHHOCTH ®OPMUPOBAHUS CTPYKTYPHI U CBOVICTB
CTAJIM 09X3HM3®B4 TP XUMUKO-TEPMUYECKOM OBPABOTKE

Heab. B pabore HeoOxomuMo wuccienoBaTh (OPMUPOBAHHE CTPYKTYPHOTO COCTOSHHMS HOBOW CTaju
09X3HM3®dbu nocrne neMeHTaluy U NoCIeAyIoNeld TepMHIecKoil 00paboTku 1 a3oTupoBanus. ONpesenuTs paru-
OHAJBHBIN PEXKHUM XUMUKO-TEPMHYECKOH 00pabOTKH, KOTOPBIH OyAeT oOecreunBaTh CO3aHue OJHOPOJHOTO AUd-
(y3MOHHOTO CJIOSl M BBICOKME MEXaHMYECKHE M DKCIUTyaTallMOHHBbIE XapakTepucTHku. Meroamka. XHMHUKO-
TEPMHUUYECKYI0 00pabOTKy MPOBOJMIM Ha MEPBUYHOE U BTOPUYHOE TBEPJACHHE 110 YETHIPEM BapHaHTaM C UCIIOJIB30-
BanueMm neueit SIEMENS u ACEA. A3zoTupoBaHue MpoBOAWIM B JBa 3Tamna. [1Jis BRISBICHUS MUKPOCTPYKTYPHI CTa-
JIM OTIBITHO-TIPOMBIIIUIEHHOTO MIPOU3BOICTBA POBOAWIIN TPABJICHUE B 4 MIPOIIEHTHOM PACTBOPE a30THCTOM KHUCIIOTEI,
MeTaiorpaduuecKie UCCIeI0BaHks IPOBOIMIIN M0 CeYeHHI0 00pa3ioB Ha Mukpockore Axio Observed.D1m. s
omnpenencHus 3PPEeKTUBHON TTyOnHB! TU(QQY3NOHHBIX CI0EB MOCHE EMEHTANH U a30TUPOBAHMS U3MEPSUTH MUK-
potBepaocth Ha mpubope LECO LM248AT, a usmepenus ropsiueit TBepaocTH mpoBoawnu Ha npubdope Wilson
Rockwell Hardness Tester. PesyapraTbl. i1 modydeHHs OJHOPOAHOTO CTPYKTYPHOTO COCTOSHHS CTalH
09X3HM3®bu 1 MakCUMAaJbHBIX PE3yJbTaTOB MEXAHUYECKUX U JKCILTyaTallMOHHBIX XapaKTEPUCTHK MPOBOIUIH
XHMHUKO-TEPMHUUECKYI0 00paboTKy nmo pexumy: nemenranus npu 930 °C ¢ yrneponueiM norenuuainom 0,22, 13 gy
omxur mpu 650 °C, 5-7 4 3akanka ot 1 030 °C c oxjaxxaeHHeM B Maciie, TpeXKpaTHbIi otiyck mpu 530 °C, obpa-
6otka xononom — 70 °C c Beinepxkkoii 1 1 30 mun u nocneayroumid ornyck npu 510 °C 1 u. [Tocne nemenTanuu
3akanky mpoomwian B uHTepBane Temmeparyp 1 000-1 030 °C mis mpeaoTBpalieHus MMEPEHACHIICHUS pabodyero
UG Gy3HOHHOTO ¢TI0t 1 00pa3oBaHus kapOumHOU ceTku. [locmenyromuii TpexkpaTHbli otmyck mpu 530 °C u obpa-
6otka xonogom —70 °C B Tedenue 1 4 30 MHH cIOCOOCTBOBAIM paclajy OCTaTOYHOTO ayCTEHHTa W 0Opa30BAHHIO
GoJiee MEIKO3EPHUCTOrO MapTeHcuTa oTiycka. Hayunast HoBu3Ha. Pa3paboTaHo panmoHaIbHBIA PEXUM XHMHKO-
TEpPMHUUYECKOH 00pabOTKH, KOTOPHIA oOecreunBaeT MakCUMalIbHbIE MEXaHHUECKHE M HKCIUTyaTal[HOHHBIE CBOICTBa
cramu 09X3HM3®by Gnaromaps 3apaHee OnpeaeIcHHOMY COOTHOIICHUIO CTPYKTYPHBIX COCTABIISIOMINX IIEMEHTH-
poBanHOTO cios. IIpakTuyeckasi 3Ha4YMMOCTh. ATIPOOMPOBAHHBIN PEKUM XUMUKO-TEPMHIECKOH 00pabOTKH MHO-
TOKOMIIOHEHTHOM JierupoBaHHOU cramu 09X3HM3®bu npousBoactBa AO «Motop Cuu» u I'Tl «BueHko—
IIporpeccy», xoTopas pa3paboTaHa s 3yO9aThIX KOJIEC aBHAIIMOHHBIX PEIYKTOPOB Ta30TYpOMHHBIX JBHUTaTeNel
HOBOTO ITOKOJICHHSI 3HAYUTENHHO YBEIMUYHUBACT TEIUIO- U SHEPTrOHATPY3KY.

Kniouesvie cnosa: MUKPOCTPYKTYpa; MApTEHCHUT; AayCTEHHT; LIEMEHTAIUS; a30THPOBAHHE, MHKPOTBEPAOCT;
TBEPJIOCTh; IpeAeT MPOYHOCTH
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FEATURES OF FORMATION OF THE STRUCTURE AND PROPERTIES
OF STEEL 09Cr3NIMo3VNBr DURING THERMOCHEMICAL
TREATMENT

Purpose. The article is aimed to investigate the structural state formation of the new 09Cr3NiMo3VNbr steel af-
ter cementation and nitration with subsequent heat treatment. To determine the rational mode of thermochemical
treatment, which will ensure the creation of a uniform diffusion layer and high mechanical and operational charac-
teristics. Methodology. Thermochemical treatment was carried out on primary and secondary hardening in four
versions using the SIEMENS and ACEA furnaces. Nitration was carried out in two stages. To identify the micro-
structure of pilot production steel the nitric acid etching in a 4% solution of nitrous acid was carried out, the metal-
lographic studies were performed on the cross section of the samples on Axio Observed.D1m microscope. To de-
termine the effective depth of the diffusion layers after cementation and nitration, microhardness was measured on
LECO LM248AT instrument, and hot hardness measurements were performed on Wilson Rockwell Hardness Tester
instrument. Findings. To obtain a homogeneous structural state of steel 09Cr3NiMo3VNbr and maximize the re-
sults of mechanical and performance characteristics, thermochemical treatment was performed according to the fol-
lowing mode: cementation at 930°C with a carbon potential of 0.22, 13 hours, annealing 650°C, 5-7 hours, harden-
ing from 1 030°C with cooling in oil, three-time tempering 530°C, cold treatment — 70°C with a holding time of 1 h.
30 min. and subsequent tempering at 510°C, 1 hour. After cementation, hardening was carried out in the temperature
range of 1000-1030°C to prevent oversaturation of the working diffusion layer and formation of a carbide mesh.
Subsequent three-time tempering at 530°C and cold treatment of — 70°C for 1 h. 30 min. contribute to the decompo-
sition of residual austenite and the formation of fine-grained tempering martensite. Originality. We developed the
optimal mode of thermochemical treatment, which will ensure maximum mechanical and operational properties of
steel 09Cr3NiMo3VNbr due to a predetermined ratio of the structural components of the cemented layer.
Practical value. The tested mode of thermochemical treatment of multicomponent alloyed 09Cr3NiMo3VNbr steel,
produced by Motor Sich JSC and Ivchenko—Progress, which was developed for the gears of aviation gearboxes of
gas turbine engines of the new generation, significantly increases heat and power load.

Keywords: microstructure; martensite; austenite; cementation; nitration; microhardness; hardness; tensile
strength
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RESEARCH OF WHEEL-RAIL WEAR DUE TO NON-SYMMETRICAL
LOADING OF A FLAT CAR

Purpose. The paper is aimed at determining the influence of non-symmetrical loading of a flat car on the magni-
tude of the wear factor of a wheel-rail pair when changing the operation parameters that occur in operation.
Methodology. The dynamic loading of the flat car, model 13-401 with typical three-piece bogies is studied using a
model of spatial oscillations of a five-car coupling with the help of mathematical and computer simulation. Theoret-
ical calculations are performed for the most dangerous sections of the railway track — small and medium radius
curves in the range of permissible speeds. Findings. The indicators of wear of the rolling stock wheels and the rails
are analysed on the example of flat cars in the presence of a longitudinal and transverse displacement of the load
mass centre relative to the car symmetry centre. To obtain information on the effect of permissible deviations
of the arrangement of cargo in the car on the magnitude of the dynamic loading of the wheel-rail contact, the authors
performed theoretical studies of the spatial variations of the rail carriage and its interaction with the track.
Originality. To determine the wear of the wheel-rail pair, the effect of displacement in two directions from the cen-
tral axis of symmetry of the load gravity centre was studied, taking into account the value of the travel speed along
the curved sections of the small and medium radius using a mathematical model of coupling of five freight cars.
Practical value. As a result of the theoretical studies carried out, the authors assessed such factors as wear factor,
directional force, and hunting of the wheel set of freight rolling stock in the event of load gravity centre displace-
ment when moving along curved sections of the railway track. To establish the possible cause of intensive wear of
the wheels and rails, the following parameters were analysed: lozenging of front bogie side frames; hunting of the
left side frame of the front bogie; mutual longitudinal movement of the side frame and axle box of the front wheel
set; mutual hunting of the left side frame of the bogie relative to the front wheel set.

Keywords: load; flat car; lozenging of bogie side frames; load gravity centre displacement; angle of wheel set
hunting; travel speed; wear factor

Introduction this issue has shown that increased wear of rails
and rolling stock can be caused by several reasons
associated with both the state of the carriage chas-
sis and the state of the rail track in curved sections
[5, 8, 9, 16].

The intensity of the wheel-rail wear is so far
one of the most serious problems of rail transport.
The analysis of publications and studies related to
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Wear of wheels and rails depends on physical
and mechanical processes occurring in the area of
their contact. The nature of these processes and
their intensity depend to a large extent on external
influences on the surface of the contact point, in
particular, on the interaction forces of the contact-
ing bodies and their relative displacements. There-
fore, one of the possible ways to solve the problem
of reducing the intensity of wear of the wheel
flanges and rail head side surfaces is to establish
conditions for reducing external impacts on the
contacting bodies, or reducing the dynamic loading
of the contact point. Of particular importance are
the reciprocal movements of the contacting bodies,
as the wear is associated with the work of friction
(pseudo-slipping forces) in the contact area. There-
fore, the solution to this problem is to minimize the
forces of interaction and mutual displacement of
the wheel-rail pair in the points of contact.

Determination of the wear index is connected
with the task of studying spatial oscillations and
the interaction of rail carriage and track. For solv-
ing this problem the Dnpro National University of
Railway Transport named after Academician V.
Lazaryan developed the mathematical models that
make it possible to determine the necessary values
of forces and displacements, and to obtain the wear
indicator as the resultant value [2-4, 12, 15]. With
these models, it is possible to obtain solutions for
various types of wheel-rail contact, to take into

account the rigidity of the structural elements and
the various deviations from the initial configura-
tion of the system, such as the misalignment of the
wheel set axles in the bogie, the difference in the
wheel radii of one wheel set, of different wheel
sets in a bogie and different bogies, rail gradient
and wheel profile of various types, change in the
cross gap of the wheel set and rail track, the
change of longitudinal and cross clearance between
the axle-boxes and side frames, the displacement
of the body mass center relative to the car sym-
metry, etc. [5, 13, 17-19, 20-22].

Purpose

The purpose of this study is to determine the in-
fluence of non-symmetrical loading of a flat car on
the magnitude of the wear factor of a wheel-rail
pair when changing the operation parameters.

Methodology

Theoretical studies of the dynamic loading of
the wheel-rail contact during the movement of 13-
401 model flat car with typical bogies 18-100 in
the speed range 50+90 km/h in the small and
middle radius curves were performed using the
model of spatial oscillations of a five-car coupling
(Fig. 1) [2-4, 6, 10, 21].
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Fig. 1. Design diagram of the five-freight-car coupling

The flat car is considered as a mechanical sys-
tem (Fig. 2), which consists of 12 solids (load, car

frame, two bolsters, four bogie side frames, four
wheel sets).
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Fig. 2. Design diagram of the 4-axle flat car

In our research we studied the effect of the load
mass center shift on the flat car frame in the longi-
tudinal 4, and transverse directions A_, as well as

in both directions simultaneously. Preliminary the-
oretical studies have shown that in the presence of
a transverse or simultaneous transverse and longi-
tudinal displacement of the load mass center over
A4,=0.15 m there is a sharp decrease in the de-

railment coefficient and a high probability of roll-
ing stock derailment [21].

In order to determine the effect of only the load
mass centre displacement on the factor of wheel
and rail wear, the displacement in the transverse
and simultaneous transverse and longitudinal di-
rections is considered within the limits
4, ——-0.15+0.15 m and 4, —0; 0.15m. The

stationary movement of a five-freight-car coupling
in the right curve is studied. Consequently, the left
wheel of the first wheel set climbs the outer rail.
The carriage chassis, the wheel rolling surface and
the rail head profile are provided in a normal tech-
nical condition.

Findings

The graphs of variance of the studied parame-
ters during the movement in the curve sections of
the track R=600 and 350 m are shown in
Fig. 3-8. The displacement in the longitudinal di-
rection (Fig. 3, 4) is considered in the range from 0

to 4. =0.3 m. For a detailed analysis of the physi-

cal processes occurring during the sliding of the
wheel flange on the rail side face, it is necessary to
investigate the corresponding dependences of the
directional force and the striking angle of the
wheel set [5].

As can be seen from Fig. 3 (a, b), increase of
the longitudinal displacement of the load mass cen-
ter has almost no effect on the wear factor. This
indicator is significantly influenced by the travel
speed. In curves R =350 m, the wear factor F with
an increase in speed from 50 to 70 km/h decreases
by 2.7 times. The wear factor in the curves of the
small radius is greater than the corresponding val-
ues in the curves of the average radius by 16.8+6.7
times in the speed range 50+70km/h. This can be
explained by the higher levels of the directional
forces Y, (Fig. 3, c, d) and the hunting angles .,
(Fig. 3, e, f) in the curves R=350 m. At a speed
of 90 km/h, the index w,,, in case of increasing the
longitudinal displacement in the curve R=600 m
from 0 up to 0.3 m is significantly differs from the
speed interval 50 +80 km/h and exceeds the corre-
sponding values by an average of 29.5%. In addi-
tion, the hunting angles . in both curves have
a sign «—», that is, the wheel sets rotate in the track

plane against the direction of the curve in accord-
ance with the accepted rule of the signs (Fig. 2).
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Fig. 3. Graphs of dependence on load displacement
in the longitudinal direction:

a, b — wear factor; c, d — directional fo

rce acting from the rail side on the wheel;

e, f — hunting of the wheel set

The disadvantages of the three-piece bogie of
18-100 model include the possibility of side frames
lozenging under the action of the longitudinal
components of the frictional forces on the wheel-
rail contacts, which causes loss of the bogie frame
geometry and the appearance of distortions of the
wheel set axle therein. In addition, the design of

the side frame box opening and the axle box pre-
supposes the presence of longitudinal and trans-
verse gaps between the box housing lug and the
box opening guides, through which the nature of
their contact can also change. This phenomenon
negatively affects the dynamics of the car and, as
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a result, leads to intensive wear of the wheel flang-
es[1,7,9, 14, 23].

In addition, the mutual longitudinal lozenging
of side frames are particularly harmful when mov-
ing along curved track sections, as they cause the
turns of the wheel sets in the track plane against
the direction of the curve. This, in turn, increases
the striking angles of the wheel flanges on the rails,
resulting in their mutual wear, since this reduces
the contact area of the flange with the rail side face

and, accordingly, increases the specific pressure on
it, which determines their wear.

To determine the probable cause of the intense
wear of the wheels and rails during the movement
in the curves R=600 m, let us consider the fol-
lowing parameters: lozenging of side frames of the
front bogie; hunting of the left side frame of the
front bogie; mutual longitudinal displacement of
side frame and axle box of the front wheel set; mu-
tual hunting of the bogie left side frame relative to
the front wheel set (Fig.4).
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Fig. 4. Graphs of dependence on load displacement in the longitudinal direction:
a — lozenging of side frames of the front bogie;
b — hunting of the left side frame of the front bogie;
¢ — mutual longitudinal displacement of side frame and axle box of the front wheel set;
d — mutual hunting of the bogie left side frame relative to the front wheel set

The results of theoretical studies in Fig. 4 show
that the lozenging of the side frames of the front
bogie X (Fig. 4, a) and the hunting of the left
side frame of the front bogie w (Fig. 4, b) at
a speed of 90 km/h are 5 times less than in the
range of 5080 km/h. The hunting angles y also
have the sign «—», that is, the left side frame of the

front bogie rotates in the track plane against the
direction of the curve. Significant increase in the
wheel set hunting angles . occurs due to signif-
icant mutual longitudinal displacements of the side
frame and the axle box of the front wheel set
Axg.,s (Fig. 4, c), as well as the hunting of the left

side frame of the bogie relative to the front wheel
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set through the shift of the boxes in the side frame
openings Awyg.,. (Fig. 4, d). There is almost no

dependence of the values of the indicators Ax
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Fig. 5. Graphs of dependence on load

and Ay
direction.

Transverse displacement of the load is consid-
ered in the range from 4, =-0.15 to 0.15 m (Fig.

on the load shift in the longitudinal

-Ws

5, 6) [11].
b
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displacement in the transverse direction:

a, b —wear factor; ¢, d — directional force acting from the rail side on the wheel; e, f — hunting of the wheel set

Fig. 5 shows the effect on the studied parame-
ters of the transverse displacement of the load mass
center 4, in the curves R=350 m and

R=600 m, respectively. With increased A4, the

wear factor F (Fig. 5, a) in the curve R=350 m
does not change so linearly, as in case of longitu-
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dinal displacement, but also decreases in case of
speed rise. In the curve R=600 m F decreases
due to the load relief of the climbing wheel. Excep-
tion from the general picture, as in the previous
case, is the speed of 90 km/h. The wear factor
curve F (Fig. 5, b) has extremes for 4, =0.1 m in
both directions from the axis of symmetry of the

flat car frame. In case of transverse displacement
of the load mass center, there are higher directed

Xsfy mm R=600m h=120 mm Ax=0

v

m
0.1 0.15
=90 km'h

-0.15 -0.1 -0.05 0
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forces Y, (Fig. 5, ¢, d) and hunting angles .,
(Fig. 5, e, f) in the curves R=350 m. The wheel
set hunting v, at the speed of 90 km/h in the

curve R=600 m is also significantly different
from the speed range 50+80 km/h and is directed
in the track plane against the direction in both
curves.
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Fig. 6. Graphs of dependence on load displacement in the transverse direction:
a — lozenging of side frames of the front bogie;
b — hunting of the left side frame of the front bogie;
¢ — mutual longitudinal displacement of side frame and axle box of the front wheel set;
d — mutual hunting of the bogie left side frame relative to the front wheel set

Graphic dependencies in Fig. 6 show that the
front bogie side frame hunting X (Fig. 6, a) at

speed of 90 km/h are 7 times smaller than in the
range of 50+80km/h and 2 times smaller than at
equivalent value for longitudinal displacement.
Comparing Fig. 4, b and Fig. 6, b, we should note
that the presence of a transverse displacement of
the load mass center on the flat car leads to signifi-
cant changes in the nature of the hunting of the left

side frame of the front bogie y at a speed of
90 km/h. The hunting angles y (Fig. 6, b) also
have the «» sign. As for longitudinal displace-
ment, a significant increase in the wheel set hunt-
ing angles v, occurs due to significant mutual
longitudinal displacements of the side frame and
the axle box of the front wheel set Ax,. (Fig. 6,

c), as well as the hunting of the left side frame of
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the bogie relative to the front wheel set through the
shift of the boxes in the side frame openings

Ayg.. (Fig. 6, d). With the exception of the
speed of 90 km/h, the values of the indicators

transverse direction decrease in case of additional
loading of the non-climbing wheel.

The simultaneous displacement of the mass
center along the axes X, Y is considered for 4,

Axgys and Ay, due to the load shift in the in the range from -0.15to 0.15 mand 4, =0.15 m
(Fig. 7) [11].
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Fig 7. Graphs of dependence on simultaneous load
displacement in the longitudinal and transverse direction:
a, b — wear factor; c, d — directional force acting from the rail side on the wheel;
e, f — hunting of the wheel set
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Fig. 7 shows the graphs of dependence of the
studied parameters on the magnitude of the load
mass centre displacement in the transverse direc-
tion 4, for the longitudinal displacement
A =0.15 m. As can be seen from the comparison
of the graphs given in Fig. 5 for 4. =0 and Fig. 7
for 4, =0.15 m, there are significant differences
in the indicators F and v, in the curve R=600
m at the speed of 90 km/h. The hunting angles v,
in both curves have a «» sign and are directed
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20 T—— ! 1
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2 e
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against the direction of the curve. Other studied
indicators remain almost the same both for the
transverse, and for simultaneous transverse and
longitudinal displacement of the load mass centre.

Analysing the dependences on Fig. 8 it is pos-
sible to conclude that the presence of simultaneous
longitudinal and transverse displacement of the
mass centre significantly affects the lozenging na-
ture of the front bogie side frames X (Fig. 8, a)
and the hunting of the left side frame of the front
bogie v (Fig. 8, b) at the speed of 90 km/h.
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Fig. 8. Graphs of dependence on load displacement in the longitudinal and transverse direction:
a — lozenging of side frames of the front bogie;
b — hunting of the left side frame of the front bogie;
¢ — mutual longitudinal displacement of side frame and axle box of the front wheel set;
d — mutual hunting of the bogie left side frame relative to the front wheel set

In case of simultaneous longitudinal and trans-
verse displacement, a significant increase in the
wheel set hunting angles y,, also occurs due to

left side frame relative to the front wheel set
through the shift of the boxes in the side frame

openings Awg.,. (Fig. 8, d). Unlike indicators

significant longitudinal mutual displacements of
the side frame and the axle box of the front wheel
set Axg.,s (Fig. 8, ¢) and the hunting of the bogie

Ax, that are almost unchanged at simultaneous

sf-ws 1
longitudinal and transverse displacement, the val-
ues of the indicators Ay, are much lower.

f-ws
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The Rolling Stock Dynamic and Strength Re-
search Laboratory of DNURT conducted dynamic
(running) tests of the experimental train in order to
determine the dynamic load of the wheel-rail con-
tact and the indicators characterizing the wear of
the wheel set flanges and the rail side faces, for the
most likely operational deviations from nominal
ones in the dimensions of the carriage elements in
the range of speeds 30-70 km/h. There were tested
the freight flat cars of model 12-532 on three-piece
bogie of model 18-100, having different state of
carriage chassis, which to some extent could affect
the wear of wheels and rails. For conducting the
tests, there was formed an experimental train con-
sisting of a car-laboratory, testes flat cars and ChS-
2 electric locomotive. To obtain reliable infor-
mation on the effect of variations in the dimensions
of the chassis elements on the magnitude of the
dynamic loading of the wheel-rail contact, all stag-
es of the tests were performed on one section of the
joint track [8].

We tested three loaded gondola cars with the
following features in the carriage chassis dimen-
sions:

1)Gondola No. 1, which had 6 mm difference
of sideframe bases of one of the bogies (2 184.5
and 2 190.5 mm);

Fig. 10 shows the printouts of the recorded
changes of the longitudinal displacements of the
first wheel set axlebox mount relative to the side
frames and lozenging of the first bogie side frames

2)Gondola No. 2, which had 3 mm deviation in
the wheel diameters of one wheel set (926 and
923 mm);

3)Gondola No. 3, which had the minimum de-
viations in the dimensions of the carriage chassis
elements from the nominal and was taken as
a standard car.

During the dynamic testing on the experimental
gondola, the following values were recorded:
frame forces for wheel sets; dynamic increments of
the vertical forces acting on the wheel set boxes;
longitudinal and horizontal transverse displace-
ment of the boxes relative to the bogie side frames;
horizontal transverse acceleration of boxes; bolster
hunting angles relative to the body; the value of
lozenging of bogie side frames. During the tests,
we used the sensors of displacement and bogie side
frame lozenging.

Fig. 9, a shows the general view of one of the
axlebox mounts of the tested cars equipped with an
acceleration sensor and two small displacement
sensors, and Fig. 9, b shows the tested bogie of the
3rd standard car, with installed «in-line» camcord-
ers, a curve entry sensor, attached to the box cover,
small and large displacement sensors and an accel-
eration sensor.

6-b

Yyl
' [T SRR S

Fig. 9. Equipment of tested cars with measuring equipment:
a — axlebox mount of the tested car with an acceleration and small displacement sensors;
b — look of the tested standard car bogie;

of the first and third cars during the movement of
the tested train at a speed of 70 km/h. The output
value of the total longitudinal clearance of the box
in the box opening was 16 mm. The scale time
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(horizontally) is selected so that the graphs display
the records for the entire tested section. At the
printing time of 100 seconds, the graphics corre-
spond to approximately two kilometres, run by the
experimental train along the section, including

a

a straight line, a curve with 600 m radius, a short
line between curves, a curve with 290 m radius and
a straight line. From these records it is clear that
entering into the curve with 290 m radius has
a striking character.
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Fig. 10. Variances records:
a, b — longitudinal displacements of axle boxes of the first wheel set relative
to the first bogie side frame of the first and third cars respectively;
¢, d — lozenging of the first bogie side frames of the first and third cars respectively

The longitudinal displacement of the axle boxes
relative to the side frames (Fig. 10, a, ) is relative-
ly small, their double amplitude does not exceed
5 mm. Moving during the lozenging of the side
frames (Fig. 10, b, d) have rather large values, their
amplitude reaches 40 mm. The recordings of dis-
placements of the axlebox mounts and lozenging
of side frames show the displacements that corre-
spond to the break of the frictional forces during
the car negotiation into a curve with 290 m radius.
Based on the processing of the test results, it has
been established that the magnitude of the longitu-
dinal displacements of the axlebox mounts Ax

sf-ws
increase slightly with increasing velocity. The
largest values AX,, did not exceed 3-4 mm for the
first car, regardless of the radius of the curve.
For the second car during the movement in the

curve R=290 m the greatest values AX,, did not
exceed 2-3 mm, and in the curve R=600 m —
1-1.5 mm. For the third car, the values AX,, in the

curve R=290 m did not exceed 3.5 mm, and in
the curve R=600 m — 2-3 mm. For comparison:

the longitudinal displacement of the boxes relative
to the flat car side frames in the curve R=600 m
according to the results of the calculations was
0.5-2 mm, and lozenging of bogie side frames
17-22 mm in the velocity interval 50+80 km/h for
all variants of the load gravity center displacement.
Somewhat lower values of the parameters can be
explained by the larger truck-center spacing.
Taking into account the fact that the experi-
mental train for conducting dynamic (running)
tests was formed from the gondola cars of the
model 12-532, and the theoretical calculations are
given for the flat car of the model 13-401, we note
that the obtained results have a rather high coinci-
dence. The results of calculations, as well as the
data of experiments, indicate that the wear indica-
tors in these cases, in general, grow with increasing
speed. The value of wear indicators for other equal
conditions during the movement of cars in the
curve with 300 m radius is higher than during
movement in the curve with 600 m radius.
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Originality and practical value

In the process of research, we obtained the fol-
lowing scientific and practical results:

— Mathematical model of coupling of five
freight cars was used to study the effect of the
loading characteristics of the flat car on the value
of the wheel-rail pair wear factor;

— There are assessed such indicators as the
wear factor, the directional force, and hunting of
the wheel set of freight rolling stock in the event of
load gravity centre displacement when moving
along curved sections of the railway track;

— To establish the possible cause of intensive
wear of the wheels and rails, the following parame-
ters were analysed: lozenging of front bogie side
frames; hunting of the left side frame of the front
bogie; mutual longitudinal movement of the side
frame and axle box of the front wheel set; mutual
hunting of the left side frame of the bogie relative
to the front wheel set;

— The influence of speed on the mentioned in-
dicators is investigated.

Conclusions

Based on the analysis of theoretical studies
conducted on the example of a flat car, the follow-
ing conclusions can be drawn:

— Lozenging of bogie side frames of a flat car
in the range of speeds of 50-80 km/h does not af-
fect the factor of wear of wheels and rails both at
longitudinal and transverse displacement of the
load mass center;

— Longitudinal displacement of load on flat
cars does not cause an increase in the studied pa-
rameters;

— The most probable reason for the intensive
wear of wheels and rails under the same conditions
of motion is the temporary change in the running
characteristics of some carriages, namely, an in-
creased angle of climbing of individual wheels due
to the bogie rotation relative to the track or due to
the rotation of the wheel set axle due to the box
shift in the bogie side frame openings.
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JOCJIIKEHHS 3HOCY KOJIIC TA PEHOK 3A HECUMETPUYHOI'O
3ABAHTAKEHHS IIVTAT®OPMHA

Mera. Y HaykoBili poOOTi MOTPiOHO MPOBECTH BH3HAYCHHS BIUIMBY HECHMETPHUYHOTO 3aBAaHTa)KCHHS BaroHa-
w1aThopMH Ha BEIMIUHY (PaKTOpa 3HOCY MapH «KOJIEeCO—perKa» B pa3i 3MiHU MMapaMeTpiB, IO MAIOTh MICIIe B €KC-
mwryaramii. MeTonuka. JlnHaMiuHy HaBaHTa)KCHICTh BaroHa-tutatgopmu moaeni 13—401 3 THITOBHUMH TpbOXEIeMEH-
THUMH Bi3KaMU JOCIHIKEHO 3 BUKOPHUCTAHHSIM MOJIEIi MPOCTOPOBUX KOJHMBAHb 34EIy 3 IT SITH BAarOHIB 3a JIOTIOMO-
TOI0 MaTeMaTHYHOTO i KOMI IOTEPHOTO MOJICIIIOBaHHS. TeOpeTHYHI pO3paxyHKH BUKOHAHO AJIs HAlO1IbI HeOe3me-
YHUX JIISTHOK 3aJli3HUYHOI KOJIIT — KPUBUX MAaJOro W CEpeAHBOro pajiyca B IHTEPBAJl JOMYCTUMUX MIBUIAKOCTEH
pyxy. PesyabraTu. [IpoananizoBaHo MOKa3HUKH 3HOCY KOJIC PyXOMOI'O CKJIany M peiioK Ha NMpUKIaji BaroHiB-
1aT(opM 3a HasIBHOCTI ITO3/I0BKHBOTO i MOMEPEYHOro 3MIIIEHHS [IEHTPa Mac BaHTaXYy BIJIHOCHO LIEHTpa CUMETpil
BaroHa. /lyist oTpumanHs iHGopMaLil PO BIUIMB JOMYCTUMUX BIIXHJICHb PO3TALIYBaHHS BaHTa)Xy y BaroHi Ha BEJIH-
YMHY TUHAMIYHOI HAaBaHTa)KEHOCTI KOHTAKTY «KOJECO—peiika» BUKOHAHO TEOPETHUYHI JOCIHIJKEHHS MPOCTOPOBHX
KOJIMBaHb PEHKOBOTrO €KilaxKy Ta Horo B3aemonii 3 kojieto. HaykoBa HoBH3HA. [{)1s BU3HAUSHHS 3HOCY Mapu «KO-
Jeco—peiika» TOCIiKEHO BIUIMB 3MIIIEHHS Y ABOX HANpPSIMKax BiJ HEHTPAIBHOI OCI CUMETpIi IEHTPa Mac BaHTaXy
3 OMJISAY HA BEIMUYMHY LMIBUIKOCTI PyXy IO KPUBHX IUISTHKAX KOJIIi MaJoro i cepelHhOTOo pajiyca i3 3aCTOCYBaHHAM
MaTeMaTUYHOI MOJIENi 34ely 3 II'SITH BaHTXHMX BaroHiB. IIpakTH4yHa 3HAYMMicTh. Y pe3ynbTaTi MPOBEACHUX
TEOPETHYHHX JIOCHIPKEHb OIIIHEHO TaKi IIOKa3HUKH, sIK (haKTOp 3HOCY, HAIIPSAMIIEHA CHJIA i BIJISTHHS KOJIICHOI mapu
BaHTA)XHOI'O PyXOMOT'O CKJIaZy B pa3i 3MIIIEHHS IEHTpa Mac BaHTAXY IIJl 9ac PyXy IO KPUBONIHIHHMX IUISTHKax
3ai3HUYHOI Kouii. J[ns BCTaHOBJICHHS WMOBIpHOI NMPUYMHH {HTEHCHUBHOTO 3HOCY KOJIC 1 peHOK IMpoaHai30BaHO
napamMeTpu: 3a0iraHHs OOKOBHX paM IMEPEAHBOTO Bi3Ka; BUIJISIHHS JIiBOI OOKOBOI paMu IMEPEAHBOTO Bi3Ka, B3aEMHE
MIO3/IOBXKHE TIepeMillleHHs O0KOBOT pamMu it OyKCOBOro By3ja Mepe/iHbOi KOJIICHOT Iapy; B3a€EMHE BUIISIHHS JIiBOi 00-
KOBOI pamMH Bi3Ka BiJTHOCHO NEPEAHBOI KOJICHOT MapH.

Kniouosi cnosa: BaHTax; BaroH-mathopma; 3adiranHs OOKOBMX paM Bi3Ka, 3MILLIEHHS LEHTPa TSOHKIHHS BaHTa-
)KY; KyT BUISIHHS KOJIICHOT ITapH; MIBUAKICTH pyXY; (pakTop 3HOCY
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NCCIEAOBAHUE N3HOCA KOJIEC U PEJIBCOB ITPH
HECUMMETPUYHOMH 3ATPY3KE IVIAT®OPMbI

Hens. B maygHOW paboTe HYKHO TPOBECTH OIpEACTICHHE BIMSHUSA HECHMMETPUYHON 3arpy3Kd BaroHa-
wiaTGopMbl Ha BEIHUIHHY (PaKTOpa M3HOCA MAPhl «KOJIECO—PENbC» MPU M3MEHEHHH MapaMeTpOB, MMEIOIINX MECTO
B oKcIDTyaTannd. Meroauka. J[MHAMAYECKYI0 Harpy>KeHHOCTh BaroHa-tuiaTgopmsl Momenu 13—401 ¢ TumoBsIMEI
TPEX3IEMEHTHBIMHI TEJIS)KKaMH HCCIEI0BAaHO C MCIIOJIB30BAHIEM MOJIENN NPOCTPAaHCTBEHHBIX KoJeOaHuil cuena u3
IISITH BarOHOB C MOMOLIBIO MATEMATUYECKOTO M KOMIIBIOTEPHOTO MOJAENUPOBaHHs. TeopeTHdecKre pacyeThl BBIIOII-
HEHBI JUIsl HanOOoJIee OMACHBIX YYaCTKOB JKEJIC3HOAOPOKHOTO ITyTH — KPUBBIX MaJIOTO M CPETHETO pPaanyca B UHTEP-
Bajie JOMyCTUMBIX CKOpoCcTel nBuxkeHus. Pe3yabTaTsl. [IpoaHanu3upoBaHbl MOKa3aTeId U3HOCA KOJIEC MOJIBUKHO-
IO COCTaBa M PelIbCOB Ha IIPUMeEpE BaroHOB-TIAT(OPM MPH HAJTMYHMH MPOJIOIBHOTO U HOIEPEYHOr0 CMELICHUS 1IeH-
Tpa Macc Tpy3a OTHOCHTEJIFHO LIEHTPa CHMMETpPUH BaroHa. J[ys monydeHus MHGOPMAMK O BIMSHUH JIOITYCTHMBIX
OTKJIOHEHUI! pacHoJIOXKEHUs I'py3a B BaroHe Ha BEIMUYUHY JUHAMUYECKON HAarpyKeHHOCTH KOHTaKTa «KOJIECO—
Pebey» BBITIOIIHEHBI TEOPETHUECKHE MCCIIEA0BaHNUS IPOCTPAHCTBEHHBIX KOJICOAHUH PEIbCOBOTO HKHUIAXa U €ro B3a-
uMozencTeus ¢ koneed. Hayynas HoBu3Ha. /1 onpenencHus H3HOCA Mapbl «KOJIECO—PEIbCY UCCIEIOBAHO BIIUSA-
HHUE CMEIICHUS B ABYX HAIIPABICHUAX OT LEHTPAIbHON OCH CUMMETPHUH LIEHTPA TSHKECTH IPy3a C yU4ETOM BEITUYHHBI
CKOPOCTH JBMXKEHUS MO KPHMBBIX y4acTKax ITyTH Majoro M CPElHEro pajauyca ¢ NPUMEHEHHUEM MaTeMaTH4eCKON
MOJIENH CLENa U3 MATH IPy30BbIX BaroHoB. IIpakTHyeckasi 3HAYNMOCTh. B pe3ynbTaTe NpoBeNEeHHBIX TEOpETHYE-
CKMX HCCJICJOBAaHWH OLICHEHBI TaKHe ITOKa3aTeNH, Kak (pakTop M3HOCA, HANIPABJICHHAS CHJIA M BHISTHHE KOJECHOMN
Hapbl FPy30BOr0 MOABMXKHOTO COCTaBa B CIy4ae CMEILEHHS HEHTPA TSHKECTU Ipy3a MPH IBMKECHUU 10 KPUBOIMHEN-
HbIM YYacCTKaM KEJIE3HOAOPOKHOI'O ITyTH. JIJ'IH YCTaHOBJICHUA BO3MOYKHOM MpUYUHBI UHTCHCUBHOI'O U3HOCA KOJICC
U PEJbCOB MPOAHAIM3UPOBAHKI TapaMeTphl: 3a0eranre OOKOBBIX paM MEpeaHel TEJIeKKH; BIISTHNE J1eBOH OOKOBOI
paMsbl IepeiHel TeNeKKH; B3aUMHOE MPOIOJIBLHOE NiepeMelleHre OOKOBOI paMbl U OYKCOBOTO y3i1a HepeaHel Ko-
JIECHOM Mapbl; B3aMMHOE BUJISIHUE JIEBO OOKOBOI paMBbl TEJIEKKH OTHOCUTENIBHO MepeiHel KOJIECHON Haphl.

Kniouegvie cnosa: rpy3; Baron-miarhopma; 3aderanue O0KOBBIX paM TEJIEKKH; CMEIEHUE [IEHTPa TSHKECTH TPy-
3a; YroJl BUWISIHUS KOJIECHO Maphl; CKOPOCTh JIBIKEHHUS; (pakTop n3Hoca
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