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POTENTIALS RAILWISE PROPAGATION STUDY

Purpose. The article deals with conducting the study of the potentials and currents propagation along the rails to
evaluate the potential difference and the current asymmetry in the rails that may have an impact on the work of rail-
way automatics and supervisory systems. Methodology. To compass the purpose, the author applies methods of
analysis and synthesis of track circuit electrical engineering calculations, mathematical modeling and methods of
homogeneous and heterogeneous ladder circuits. Findings. The conducted theoretical studies indicate that in the
mountainous sections of DC traction railways there are very high-level currents, whereby even at nominal asymme-
try ratio the asymmetry current will be unacceptably high. The re-equipment of running line with the automatic
blocking system with tonal rail circuits resulted in reduction of the number of impedance bonds, the equalizing func-
tions of which required further advanced research, that allowed obtaining the potential railwise propagation curves
when installing the impedance bonds every 6 and 5 km. The resulting potential difference was too high for railway
automation systems, so the potential propagation study was conducted with impedance bonds placed every
3 and 3.5 km, which greatly improved the operation conditions of track circuits. Originality. The proposed method
for calculating the propagation of potentials and currents in the rail network of DC traction line is characterized by
the representation of the common ladder circuit of each rail as a series of T-shaped four-poles connected in cascade,
taking into account the grounding of the contact-line supports on the nearer rail. It has allowed estimating the levels
of asymmetry currents that branch into the equipment of track circuits and have a negative impact on their operation.
Practical value. The obtained results can be used in designing and re-equipping the running lines with new railway
automatics and supervisory systems, as well as for evaluating the influence of high asymmetry currents on the rail-
way automation systems operation.

Keywords: traction currents; track circuits; impedance bond; asymmetry current; potentials propagation

Introduction

Traction current has a significant impact on the
operation of automatic block systems (AB) [1].
There are rail sections where it reaches very high
levels, resulting in melting of track choke cables.
Such are the mountain sections of railways with
electric drive of direct current. In this way, the
problem of railwise propagation of potentials
caused by traction current becomes actual, the
study of which will allow to estimate the difference
between the derived potentials and the negative
impact on the equipment of the track circuits (TC),
in particular, the tonal ones (TTC).

Purpose

The purpose of the work is to study the propa-
gation of potentials along the rails in order to eval-
uate the impact of traction current on TTC opera-
tion. This will enable us to take a number of neces-
sary technical measures to combat asymmetry, as
well as to investigate their effectiveness in ad-
vance.

Methodology

As noted, high levels of traction currents are
peculiar for mountain railways. This can be ex-
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plained by the presence of steep climbs, to over-
come which the locomotive requires large traction
effort, provided by 2-3 electric locomotives. The
work examined the mountainous section with DC
electric traction of Lavochne — Beskid — Skotar-
skoye of Lviv Railways. As a result of the carried
out researches it was established that traction cur-
rents reach 7000 A on this site and it is expedient
to re-equip the section AB with 50 Hz frequency
TC onto the ABTK system, which uses TTC with-
out isolating joints [2], resulting in reduced number
of impedance bonds (IB), as in fact, in the case of
TTC, they are installed only for the potential
alignment in the rails, while the IBs pass less cur-
rent. This greatly facilitates the operation of the
track circuits on the running line because the im-
pedance bond is a weak point in the TC, especially
in the presence of large traction currents [3].

If we take into account such an important pa-
rameter as the asymmetry ratio, then its limiting
value according to the technical conditions is equal
to k; =0.12. In this case, the difference in rail
currents will be equal to AI=432 A . In practice,

the asymmetry ratio can reach 0.2. As a result of
the high traction currents flow, normal operation of
IBs is violated due to their inadmissible heating
and magnetization [4]. As a result of thermal over-
heating, IB may even break down. The common
occurrence is the IB core saturation, resulting in a
decrease in the IB input impedance to signal cur-
rent, which may lead to the voltage reduction on
the track receiver up to the voltage value of non-
attraction of relay armature. Consequently, the
asymmetry current increase can cause a parametric
failure of the TC.

Since the rails are not isolated, part of the re-
verse traction current flows through the ground.
This fact has a significant impact on a number of
phenomena, in particular, the traction network re-
sistance and TC operation [5]. The earth leakage
current from rails depends on the potential differ-
ence between the rails and the ground and the re-
sistance of the circuit through which this current
flows. The circuit consists of two consecutive
parts. The first part is the resistance of the transi-
tion point of the current from the rails to the sleep-
ers and ballast; the second part is the resistance of
the ground itself on the path of leakage current.

For the analysis of the spread of traction current
along the rails, regardless of the train situation and

the section complexity, it is necessary to determine
the load of the substations [6]. To simplify the cal-
culation, we can accept some assumptions that will
not make a tangible error. With good insulation of
rails from the ground in the absence of earth leak-
age, the train loads can be distributed between sub-
stations in the usual way — inversely proportional
to distances to the neighbouring substations (with
constant area of the section of the overhead wires
and the same voltage of traction substations). If the
transition resistance from the rails to the ground
will be minimal, then a significant part of the cur-
rent will flow on the ground and, in the distribution
of loads between the substations, one can neglect
the resistance of the earth return [7] (rails shunted
to earth), since it is much less than the resistance of
the overhead wires. The latter will mostly deter-
mine the current distribution. It can be assumed
that wandering currents do not significantly affect
the current distribution between substations [8].
Before carrying out the research it is necessary
to determine the load of the traction substations
[9]. The current of the first substation — I, the

second one — /;, the current of the locomotive —
I, . The distances from the substation to the loco-

motive are known. Then the load of the traction
substations (their currents) can be found, based on
the distances from the locomotive to each of the
substations. Thus, the traction current of the first
substation is determined by:
L, -1

2

I, = -1, =4200 A . Traction current of the

. l
second substation: I = l—1~[2 =2800A.
2

Once the load of all substations has been de-
termined, we can go to the calculation circuit. In
the calculations the following resistances play a
great role: r, — resistance of 1 km of track,
Ohm'km; 7. — transient resistance from rails to
earth at a length of 1 km, Ohm/km; 7, — earth re-
sistance.

If the resistances r, and 7; are constant over the
entire length, then we obtain a circuit with constant
parameters, that is, a circuit line. When calculating
such circuits, the superposition method can be
used. In this case, a complex contour containing

several substations and loads can be replaced with
a number of contours, in each of which flows a
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certain current. The calculation circuit contains one
load when the earthing connector is infinitely dis-
tant. At the same time, all loads are considered in
turn, taking into account the currents of substa-
tions.

The basis for analytical study of the distribution
of constant voltages and currents along the rail line
(RL), which is an electric long line, are differential
equations of the Helmholtz type [10]. At the line
input there is a source of reverse traction current
leakage, herewith the expressions for the distribu-
tion of voltage and current along the line have the

/4 .
d—U=ZOI, ar = (pOU . Solutions of these

X dx
equations lead to the following equations:

form,

d*U

dx* -

a1
dx*

VU=0, —-v1=0, )

Where y,=+/R,-Y¥, =a, (Np/km); o — RL
propagation coefficient at constant current;
R,,Y, — specific rail resistance (Ohm/km) and

isolation conductivity (Cm-km ) of element of the
line Ax.

Each track is replaced by two two-wire homo-
geneous ladder circuits (HLC) «rail-earthy [11]
and is presented by T-shaped four-poles sequen-
tially connected in a cascade (Fig. 1). The esti-
mated area of the RL can be taken of any length,
we conditionally take 1=3 km, it will contain N=6
identical segments of the line of 0.5 km (the quan-
tization scale can be varied, it is determined by the
line simulation accuracy).

If we neglect the resistance of IB to direct
current, then both of the HLCs of the line «rail —
earth» are shorted, providing alignment of the
potentials of both rails with each other.

During circuit design it is taken into account
that the parameters of the equivalent network
(C3 EN) of the lines can vary widely, and with the
relatively low isolation resistance, the input/output
resistance of HLC 1, 2 are equal to characteristic
ones. Then, the traction current load of each line at
the boundary of the block sections is the resistance
of the IB half-coils (~0.006 Ohm ), indicating the

operation of each of these HLC lines in the short-
circuit mode (SC).

General solutions for equation (1) can be writ-
ten for a symmetric four-pole in x coordinate sys-
tem and in A-parameters. We consider the voltage
U,., and current /, at HLC input (x =/) as given.
Then the equation of the four-pole for the entire
circuit can be written as follows:

U,=U,-chI'N -1, -R, -shT'N;

2
WUV L/ ehrw. @

I,=-U,-

C

The equations (2) correspond to the equations
of symmetrical four-poles in A-parameters, if
adopted:

A, =chI'N; 4, =R, -shI'N;

shI'N
Ay =——

C

; Ay, =ch'N.

For one link HLC can be recorded

U 1
r T
n+l e'; n+l e

U /

n n

B

Whence I'=In h =In ﬁ — transfer
U I

n n

constant (weakening) of the link (in long lines it is
the analogue of v-/), herewith

U,..1

n+l°> " n+l

— voltage and current at the input of
n+1-th link; U,.I, — voltage and current at the

R
input of n-th link; R, = 70

0

— characteristic re-

sistance of the line.

Permanent transfer of the entire HLC is charac-
terized by the ratio of voltages at the beginning and
at the end of the HLC:

re=tn Oy O 0],

where U,, U,,, — voltage at the input of the link
U

aea — VoOIt-

N, counting from end to start; U

n+l»
age at the input of the link n+1, counting from
end to start.

doi 10.15802/stp2017/109519

© K. I. Yashchuk, 2017



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

Hayxa ta nporpec Tpancnopty. Bicauk /{HinponeTpoBchKkoro

HAI[IOHAJIBHOTO YHIBEPCHUTETY 3alIi3HUYHOr0 Tpancmopty, 2017, Ne 4 (70)

ABTOMATH30BAHI CUCTEMU YIIPABJIIHHS HA TPAHCIIOPTI

link 6
Ry Ryg
| i), dx i, dx | !’.‘ﬂk 5
To(x+dx) | /E” /E” I
> —o T

| I

IT | T T
JCﬁ) Rl[]: Un+1 Y(J(f_\' : Un U=

| l I i l

' J
J_ = T

n+l

Fig. 1. Homogeneous circuit «rail-earth» with T-links

Consequently, the transfer constant I'_ =I"- N .

The calculated parameters of the T-shaped circuit
«rail-earth» of the HLC-1 track are R, and Y.

The resistance of the rail loop to direct current is
0.1 Ohm/km (with copper rail bonds or steel du-

plicated ones) then the resistance of one rail
is0.05 Ohm/km . Herewith, the resistance of the

rail of the (butting) link track consists of two com-
ponents. As the practice of operation shows, both
of these components are random variables and de-
pend on a number of random factors such as ambi-
ent temperature, specific resistance of the steel,
bond resistance, which depends on the quality of
weld, the number of torn wire ropes, etc. The cal-
culations adopt the regulatory values of the pa-
rameter R,. The rail insulation conductivity Y, is

also a parameter that depends on many random
factors: ballast material (crushed stone, sand), type
of sleepers and term of their operation, humidity
and ambient temperature, foreign impurities clog-
ging the ballast section (mineral salts, coal, etc.).
The operation experience shows that ¥, can vary

from 10 to 0.02 Cm-km.

When connecting any types of grounding de-
vices to the rails in double rail track circuits, in
order to prevent the shunting of the latter, all
grounding devices must be connected to one rail
line [12]. In the case of connection of grounding
devices to the rail with two conductors, the dis-
tance between their connections should be minimal
and should not exceed 200 mm. The last require-
ment is determined by the fact that the continuity
fault of the rail line between the conductor connec-
tion points is not controlled. The connection of

grounding devices to one rail line of double rail
circuits creates a transverse asymmetry of the rail
line [13]. Parameters for calculating HLC-2 (of the
second rail) are selected taking into account the
ground of the contact line supports (3). Conductiv-
ity and resistance of general rail ground:

Gy =Y, +X,,
R -R 3
R32 — 1 sp ( )
R +R
1 sp
where ¥, R, — conductivity and resistance of the
support ground.

At the same time, the conductivity Y, during

the year to a lesser extent depends on the tempera-
ture, since the depth of landing in the soil is more
than 3 m. In the summer, the conductivity of the
supports can reach 0.3-0.4 cm, due to unsatisfac-
tory maintenance of the spark gaps IPM-62. Also,
the analysis of operating experience and calcula-
tions shows that the most unfavourable period of
the rail line operation is winter, because then the
potentials and currents can reach the highest value.

Consequently, according to the proposed meth-
od, each rail is considered separately as an HLC
consisting of a certain number of T-shaped four-
poles. Output parameters of one of the HLC are
selected taking into account the grounding of the
contact line supports. The use of the given meth-
odology resulted in writing the program in Maple
programming environment [14, 15], which allows
to obtain the diagrams of the propagation of cur-
rents and potentials along the rails.

Calculations are made for each of the rails sep-
arately by the four-pole method. The output poten-
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tial of one four-pole will be input for the next four-
pole. While the greater the number of four-poles,
the greater the accuracy of the data received.

The number of four-poles is given in the output
data. The received curves of the propagation of
currents and potentials along each of the rails give
an opportunity to evaluate the asymmetry currents
in the rails.
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Findings

As can be seen from the obtained dependencies
(Fig. 2, a, b), the potential levels for each of the
rails will be different. Their difference will fall
near the IBs, which align the potentials on the rails.
It should be noted that the potential difference
(A ) in the middle of the section between the 1B

onnection and the train will be maximal [16].
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Fig. 2. Potentials railwise propagation with IB:
a — installed every 5 km; b — installed every 6 km;
¢ — installed every 3 km; d — installed every 3,5 km

For example, in Figure 2, a, which shows the
potentials railwise propagation with IB installed
every 5 km A@= 34 V. This indicator is quite high,

since it will have a negative impact on the opera-
tion of RC equipment. When installing IB every 6
km (Fig. 2, b) Ap willbe 37 V.

In order to reduce the potential difference, it
was proposed to set equalizing IB with a smaller
interval. Figures 2, ¢, d present the curves of poten-
tials railwise propagation when IB installed every
3 km and 3.5 km, which show that at a distance of
1.5 km A¢@will be maximum and will equal 14 V.

This indicator is completely satisfactory for the

operation of railway automation devices [17].
Figure 3 shows the dependence of the potential
difference from the IB installation interval. Curve
1 shows the change in the potential difference with
IB installed every 5 km, curve 2 — with IB installed
every 3 km. This graph confirms the expediency of
the proposed reduction in the IB installation inter-
val, because the maximum values A between the

two curves vary significantly.
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Fig. 3. Dependence of the potential difference
from the IB installation interval

Originality and practical value

The proposed method for calculating the prop-
agation of potentials and currents in the rail net-
work of DC traction line is characterized by the
representation of the common ladder circuit of
each rail as four-poles, taking into account the
grounding of the contact-line supports on the near-
er rail. It has allowed estimating the levels of
asymmetry currents that branch into the RC
equipment. The obtained results can be used in
designing and re-equipping the running lines with
new railway automatics and supervisory systems
(RAS), as well as for evaluating the influence of

high asymmetry currents on RAS systems opera-
tion.

Conclusions

The study of impact of high levels of traction
currents on the equipment of AB systems was car-
ried out. The method for calculating the propaga-
tion of potentials and currents along the rails for
the railway sections with DC electric traction was
improved. It consists in the study of propagation of
¢ of each individual rail, which is represented as

HLC «rail-earth» and presented as a series of T-
shaped four-poles connected in cascade, taking
into account the grounding of the contact-line sup-
ports on the end rail.

The proposed method allowed carrying out the
potentials railwise propagation study with IB in-
stalled every 6 and 5 km (Fig. 2, a, b). The poten-
tial difference was too large for uninterrupted func-
tioning of RAS equipment. Therefore, it was pro-
posed to shorten the IB installation interval to 3
and 3.5 km [18]. As shown in the received dia-
grams and in the resulting comparative graph in
Figure 3, the proposed solution is appropriate.
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JTOCJLIYKEHHSI PO3IIOBCIOIKEHHSI HOTEHIUAJIIB Y310BK
PEMOK

Meta. Y HaykoBiit poOOTi nependayaeTbesi MPOBEISHHS JOCHIIIKEHHS PO3MOBCIOKEHHSI IOTESHIIAIB Ta CTPY-
MIB y3/I0BX PEHOK i3 METOIO OLIHKM PIi3HMII MOTEHIIANB 1 CTPyMy acHUMeTpil y peiiKax, sSiKi MOXKYTh 3J1HCHIOBATH
BIUIUB Ha POOOTY CHUCTEM 3aJIi3HUYHOI aBTOMAaTUKHU Ta TesieMexaHiku. Meroamka. J[Jsi TOCSATHEHHS MMOCTaBlIeHOT
METHU 3aCTOCOBaHI METOAM aHAI3y Ta CHHTE3Y €JIEKTPOTEXHIYHMX PO3PaxyHKIB CXeM PEHKOBHX KiJl, MATEMAaTUYHOTO
MOJIETIIOBAHHS, METO/N OIHOPIAHUX Ta HEOAHOPIAHUX JIAHIIOTOBHX cxeM. PedyasTaTn. IIpoBeneHi TeopeTwuHi
JOCIIKEHHS CBiYaTh MPO Te, MIO HA TiPCBKUX AUISHKAX 3aJi3HULB 3 €JICKTPHYHOK TATOK MOCTIHHOTO CTPyMy
MPOTIKAIOTh CTPYMH AY>K€ BUCOKHX DIBHIB, 32 SIKMX HaBiTh NPH HOMiHAIBHOMY KOeQillieHTI acuMeTpii cTpyM acu-
MeTpii Oy/le HeTOMyCTHMO BEJIMKAM. Y Pe3yNbTaTi mepeoOiaHaHHs MEPEeroHy CUCTEMOIO aBTOOJIOKYBAaHHS 3 TOHA-
JHPHAMH PEHKOBHMH KOJAMH CKOPOTHJIAcS KUTBKICTB Ipocelb-TpaHchopMaTopiB, BUPIBHIOIOYH (DYHKI{ SKUX TO-
TpeOyBaJH MOJANBIIOT0 JOCKOHAIOTO TOCIIHKEHHS. Byl OTpruMaHi emopy po3MOBCIOIKCHHS TOTSHIIATIB Y3J0BK
peioK Mpy BCTaHOBJICHHI BHPIBHIOIOYHX APOCEIb-TPaHCHOPMATOPIB KOXKHI 6 Ta 5 kM. OTprMaHi Pi3HHUII TMOTCHIIIA-
JIB BUSBUIIUCS 3aBHCOKHMH JUIsi POOOTH CHCTEM 3aJli3HMYHOI aBTOMATHUKH, TOMY OyJO MPOBENEHO NOCIHIIKEHHS
PO3IIOBCIOKEHHS TIOTEHI[IaIiB NPU 1HTEpBali pO3TalllyBaHHs JPOCENb-TpaHcGopMaTopiB KoxkHI 3 Ta 3,5 kM, 10
3HAYHO MOKPALIMIO YMOBU poOOTH pelkoBHX Kijl. HaykoBa HOBH3HA. 3aripOIIOHOBAHUI METO/I PO3PAXyHKY PO3IIO-
BCIO/DKCHHS TTOTEHIIIANIB Ta CTPYMIB y PEHKOBIH Mepeki EeperoHy eNIEKTPUYHOT TATH MOCTIHHOTO CTPYMY BiApi3HS-
€TBCSl TPE/ICTABJICHHIM 3arajbHOI LIEMHOI CXeMH KOXKHOI PEeHKH Yy BUIVIAIl TIOCIIIOBHO 3’€IHAHMX B KacKa]
T-moiOHNX YOTHPUIIOMIOCHUKIB 13 YpaxyBaHHSIM 3a3eMJICHHs ONOp KOHTAKTHOI Mepeski Ha OuvpkHIO peliky. Lle mo-
3BOJIMJIO OLIHUTH PiBHI CTPYMIB acCUMETpIi, SKi BIIralyKyIOThCS B anaparypy peHKOBHX KiJl Ta 3[iHCHIOIOTH Hera-
THUBHUI BIUTMB Ha iX poOoty. IIpakTuyHa 3Ha4yuMicTh. OTpUMaHi pe3yabTaTd MOXKYTh BUKOPHUCTOBYBATHCS IMPU
MPOEKTYBaHHI Ta epeoOIagHaHH| MEPEroHiB HOBIMH CHCTEMaMH 3aJi3HHYHOI aBTOMATHKA Ta TEIEMEXaHIKH, a Ta-
KOX JUIS OLIHKY BIUTUBY BUCOKHX CTPYMiB aCHMETpii Ha pOOOTY CHCTEM 3aTi3HAIHOT aBTOMATHKH.

Kniouosi crnosa: TATOBI CTpyMH; peWKOBI KOJIA; APOCETb-TPAHCPOPMATOP; CTPYM aCHMETPii; PO3TOBCIOMKEHHS
MOTEHIIIaIB
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NCCIEJOBAHUE PACITIPOCTPAHEHHUSA ITIOTEHIIUAJIOB B/10JIb
PEJIBCOB

Hens. B Hayunoii pabote mpeanonaraercs IpoBeICHUE UCCIIEIOBAHUS PACIPOCTPaHEHNs IIOTEHIATI0B U TOKOB
BJIOJIb PEJIBCOB C LIENBIO OIIEHKH Pa3HOCTH MOTEHIHAJIOB U TOKa aCHMMETPHHU B pelibcaX, KOTOphIe MOTYT OKa3bIBaTh
BIMSHHE Ha pabOTy CHCTEM >XEJE3HOJOPOKHOW aBTOMATHKHM W TeleMexaHWkd. Meroauka. [ IOCTIKEHUS
MOCTaBJICHHON LIeTH MPUMEHEHbI METOBI aHAIN3a U CHHTE3a IEKTPOTEXHUYECKHX PACUETOB CXEM PEIbCOBBIX Lie-
neil, MaTeMaTH4eCKOro MOJCIHUPOBAaHMs, METOAbl OJHOPOAHBIX M  HEOJHOPOAHBIX  LEMHBIX  CXEM.
Pe3yabTatsl. [IpoBeeHHBIE TEOPETHIECKUE NCCIIEIOBAHNS CBUIETEIBCTBYIOT O TOM, YTO HA TOPHBIX y4acTKaxX XKe-
JIE3HBIX OPOT € AIEKTPUUECKOH TATOH MOCTOSHHOTO TOKA MPOTEKAIOT TOKHM OYEHBb BBICOKHUX YPOBHEH, IPH KOTOPBIX
Jake Tpd HOMHHATBHOM KOd(D(HUIIMEHTEe acHMMETPHH TOK AaCHMMETPHUH OyIeT HEZONMYCTHMO OOIBIINM.
B pesynbrate nepeoOopynoBaHUS NEperoHa CHCTEMOI aBTOOIOKHPOBKH C TOHAJIBHBIMH PEJILCOBBIMHU LEMAMH CO-
KPaTHJIOCh KOJMYECTBO JPOCCENb-TPaHC(HOPMATOPOB, BEIPaBHUBAIOIINE (yHKIIMN KOTOPHIX TpeOOoBanu fajibHeie-
T0 JIOCKOHAJIBHOTO HCCIIEAOBAHUS. BBl MOIydeHB! 3MIOPHI PacIpOCTPAaHEHUsS! OTEHIIUANIOB BIOJb PEIbCOB MPU
YCTaHOBKE YPaBHHUBAIOUIMX Jpocceiib-TpaHcopmaTtopoB kaxzapie 6 u 5 kM. [lomyueHHbIe pa3HOCTH MOTEHINAIOB
OKa3aJIMCh CIIUIIKOM BBICOKMMH /sl pabOThI CHCTEM >KEeJIe3HOAOPOKHOW aBTOMATHUKH, MOITOMY OBUIO MPOBEIEHO
UCCIJIEIOBAaHUE PACIPOCTPAHEHH HOTECHIMAIOB IIPH MHTEpPBAJe PACIONIOKEHUS APOCCEIb-TPAaHC(HOPMATOPOB Kax-
Jble 3 1 3,5 KM, 94TO 3HAYUTENIFHO YIIy4IINIO YCIOBUs paboThl pesibcoBhIX Lenell. Hayunas noBusHa. [Ipemioxken-
HBII METOJ] pacueTa pacIpOCTPAHEHUs IOTEHLIUAIOB U TOKOB B PEIBLCOBOM CETH NEPEroHa dAEKTPUIECKON TATH MO-
CTOSTHHOTO TOKa OTJIMYAETCs! MPEACTaBICHUEM OOIIel LEMHOW CXEMBI KaXKIOTO peibca B BHUJIE MOCIIET0BATEIHLHO
COCAMHEHHBIX B Kackaj T-00pa3HbIX YETBHIPEXIOIIOCHUKOB C YYETOM 3a3€MJICHHS OTIOp KOHTAaKTHOW CETH Ha OMNK-
HHUH penbe. DTO MO3BOJIMIIO OLIEHUTh YPOBHU TOKOB aCHMMETPHUH, KOTOPBIE OTBETBIIIOTCS B alllapaTypy PeIbCOBBIX
LeTeil ¥ OKa3bIBAIOT HEraTHBHOE BIMSHUE Ha MX pabory. [IpakTHuyeckast 3HAYMMOCTb. [lomydeHHbIE pe3yabTaThl
MOTYT HCIIOJIB30BaThCS IPH MPOESKTHPOBAHUU U IEPE0OOPYAOBaHUU IIEPErOHOB HOBBIMHM CHCTEMaMH JKEJIE3HOIO-
POXKHON aBTOMATUKH U TEJIEMEXaHUKH, a TAKXKe IS OLICHKH BIMSHUS BHICOKUX TOKOB aCHMMETPUH Ha paboTy CHC-
TEM JKEeJI€3HOI0POKHON aBTOMATHKU.

Knrouesvie criosa: TATOBBIE TOKH; PEIbCOBBIE LIEMH; APOCCENb-TPAaHC(HOPMATOP; TOK aCUMMETPHUH; PacIpocTpa-
HEHHUE [TOTCHLIUAJIOB
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REDUCING AMMONIA CONCENTRATIONS IN ATMOSPHERE AFTER
ITS UNPLANNED RELEASE

Purpose. The aim of this work is development of numerical model, which allows to calculate the efficiency of
neutralizer supply for reduction of air pollution in case of unplanned ammonia emission at the territory of ammonia
pump station. The numerical model should allow fast calculating, taking into account the meteorological parameters
and buildings situated near the source of toxic chemical emission and equipment for neutralizer supply.
Methodology. The developed model is based on the equation for potential flow and equation of pollutant dispersion.
To simulate the chemical interaction between ammonia and neutralizer the stoichiometry equation is used. Equation
of potential flow is used to compute flow pattern among buildings. To solve the equation for potential flow the
Samarskii implicit difference scheme is used. The implicit change-triangle difference scheme is used to solve equa-
tion of mass transfer. While for the numerical integration the authors use the rectangular difference grid. Method of
porosity technique («markers method») is applied to create the form of comprehensive computational region.
Emission of ammonia is modeled using Delta function for point source. Findings. Developed numerical model be-
longs to the class of «diagnostic models». This model takes into account the main physical factors affecting the
process of dispersion of ammonia and neutralizer in the atmosphere, as well as the influence of buildings on admix-
ture dispersion. On the basis of the developed numerical models the authors carried out a computational experiment
to estimate the efficiency of neutralizer supply for reduction of air pollution in case of unplanned ammonia release at
ammonia pump station. Originality. Developed numerical model allows calculating the flow pattern among
buildings and estimating the efficiency of neutralizer supply for reduction of air pollution in the case unplanned
ammonia release. Practical value. Model allows performing fast calculations of the atmosphere pollution in the
case of unplanned ammonia release

Keywords: air pollution; unplanned release; neutralizer supply; numerical modeling

To solve the problem of air contamination in case
of unplanned toxic chemicals release Gaussian
plume model or some analytical models are widely
used [2, 3, 10-13, 15]. These models allow quickly
calculating zones of chemical contamination.
These models are implemented in some codes, for
example, ALOHA, CULLPUFF, etc.

The second problem of unplanned ammonia
release is protection environment from pollution

Introduction

Unplanned ammonia release as a result of acci-
dent or terror act can cause harm for persons and
intensive environment pollution [4, 6, 10, 12].
From the point view of industrial safety, in case of
possible unplanned ammonia release we must
solve two important problems. The first problem is
prediction of possible contamination zones (their

dimensions, intensity and development in time).

and reducing negative influence of toxic chemical
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after NH; emission. In this work we study the
problem of neutralizer supply in to ammonia
plume to reduce the intensity and dimensions of
contamination zones.

Problem statement

We consider the unplanned ammonia release at
ammonia pump station which is situated at ammo-
nia pipeline Toliatti-Odessa. To reduce the nega-
tive effect on environment in this case we propose
to supply neutralizer (NL) to the plume of toxic
chemical. As the neutralizer the acid solution can
be used. If, for example, we use H,SO, solution,
the process of chemical interaction «ammonia +
neutralizer» can be described as follows

2NH, + H,80, =(NH,)SO, )

Application of neutralizer will cause NH; re-
duction in atmosphere. To supply NL into the
plume of toxic chemical the special equipment will
be used (Fig. 1).

Werssrromsine,

Fig. 1. Equipment for neutralizer supply:
1 — pump; 2 — vessel containing neutralizer;
3 —rotatable nozzle

But in case of NL supply we face some prob-
lems: what amount of neutralizer must be supplied,
what will be the effect of the neutralization for dif-
ferent meteorological conditions, etc. To answer
these questions and develop the effective strategy
of neutralization we can’t use physical experiment
but only the mathematical one.

Purpose

The purpose of this paper is to develop a math-
ematical model for quick computing the process of
chemical interaction «ammonia + neutralizer» in
case of unplanned ammonia release at ammonia
pump station.

Mathematical formulation

To simulate the ammonia and acid dispersion in
atmosphere 2D transport model is used [5, 7]

oC ouC ovC 0 oC
— +—+cC=—|p,— |+
ot Ox oy ox ox

2u L o053 ©

where C is mean concentration of admixture (am-
monia and H,SOy); u, v are the wind velocity com-
ponents; o is the parameter taking into account the
process of pollutant washout and gravity fallout [5];

n=(py,py) are the diffusion coefficients; Q
is intensity of point source emission; 8(r - ri) are

Dirac delta function; 7, =(x[’ y[) are the

coordinates of the point source.

We consider ammonia and NL dispersion
among buildings it means that we must take into
account influence of these obstacles on process of
NH; and NL dispersion. To simulate the flow pat-
tern in the case of the buildings at the territory of
Pump Station the 2D model of potential flow is
used [7]

2 2
a—f + 6—5 =0, 3)
ox~ oy
where P is the potential of velocity.

The wind velocity components are calculated as

follows:

oP oP
Uu=—0, v=—m:.
ox oy
Boundary conditions for modeling equations

are discussed in [5, 7].

Numerical model

The computation of wind pattern and pollutant
dispersion is carried out on rectangular grid.
To create the form of buildings we use porosity
technique or so called «markers method» [1, 7].
Markers are used to separate the computational
cells where flow takes place from the cells which
correspond to buildings. Description of the finite
difference schemes, used by us, is discussed in [1,
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7]. To solve equation (2) we used change—triangle
difference scheme, while A. A. Samarskii’s and
implicit difference scheme was used for
numerical integration of Eq. (3).

For coding of difference formulae, we used
FORTRAN language.

Findings

Computational region is shown in Fig. 2 In this
figure one can see position of unplanned ammonia
release and position of NL supply equipment.
It was supposed that ammonia release takes place
at time t=0 and at time t=15 sec neutralizer supply
starts.

é

\2

Fig. 2. Sketch of computational region
(ammonia pump station):
1, 2, 3, 4 —buildings; 5 — position of neutralizer supply;
6 — position of ammonia release at the territory
of pump station

Contaminated zone in case of neutralizer
supply absence is shown in Fig. 3. We can see that
contaminated zone covers all the territory of am-
monia pump station.

0.418E+82

b

0+ Z RS0 00

=

8.188E+81
8. 168E+81

coordinate x 8.784E+B2Z

Fig. 3. Computed ammonia concentration, t=35 s
(no neutralizer supply)

In Fig. 4 the contaminated zone in the case of
neutralizer supply is shown.

As we can see from Fig. 4 neutralizer supply
allows quickly reducing dimensions of contamina-
tion zone in atmosphere.

Worthy of note that computational time was
6 sec. It allows using the model for development of
protection measures at chemically dangerous en-
terprises.

A 41AE+AZ

DS —amoD0

. 1BAE+A1
A.1GAE+a1

coordinate ® 8. 784E+B2

Fig. 4. Computed ammonia concentration, t=28 s
(neutralizer supply)

Originality and practical value

Mathematical model has been developed to
compute dispersion and chemical interaction
between ammonia and neutralizer which is used
to reduce ammonia concentration in
atmosphere. The presented mathematical model is
based on the application of the fundamental equa-
tions of aerodynamics and mass transfer.

The peculiarity of the developed model is the
use of standard meteorological information and
quick calculation of modeling process in compre-
hensive computational region.

Conclusions

Numerical model for estimating the efficiency
of neutralizer supply to ammonia plume is
proposed. Proposed numerical model allows to
compute ammonia concentrations and neutralizer
concentrations and chemical interaction between
substances. The solution of the aerodynamic
problem is based on the numerical integration of
the equation for the velocity potential. The equa-
tion of mass transfer is used to calculate dispersion
of ammonia and neutralizer dispersion in atmos-
phere. The mass transfer equation takes into ac-
count the convective and diffusive transport of
admixture in atmosphere with account of buildings
situated near the source of emission. Emission of
ammonia and neutralizer is simulated by a point
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source, which is modeled using the Dirac delta merical model that takes into account the forma-
function. tion of vortices in the air flow.

Further improvement of the model should be
carried out in the direction of creating a 3D nu-
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SHUKEHHS KOHIIEHTPAILII AMIAKY B ATMOC®EPI I[IPU M1OI'O
PAIITOBIN EMICIi

Meta. Metoro naHoi poOOTH € TOOYI0Ba YHCEIBHOT MOIEII, 110 J03BOJISIE PO3PaXOBYyBaTH €()eKTUBHICT 3aCTO-
CyBaHHS HEWTpasizaTopa JJisi 3HW)KEHHsI KOHIIEHTpaliid amiaky B arMocgepi B pa3i HOro panToBoro BUKUAY Ha Te-
purtopii amiayHoi HacocHOi craHuii. BiacTuBocTssME po3pobiieHOT MoJei MOBUHHI OyTH MOXIIMBICTH LIBHJKOTO
PO3paxyHKy, BpaxXyBaHHS METEOPOJIOTIYHMX MapaMeTpiB Ta OyaiBenb, IO PO3TAIIOBaHI IMOOIN3Y JDKEpesna BUKHIY
amiaky Ta He#rpanizaropa. Meroauka. Po3pobnena Mozens 0a3yeTbest Ha PIBHAHHI JUISl MOTEHIIHHOTO MOTOKY Ta
piBHSIHHI qucniepcii nomimku B arMocdepi. i1 MogenroBaHHs XiMIYHOI B3a€MOJII] amiaky 3 HEHTpalizaTopoM BH-
KOPHCTOBY€EThCS PIBHSAHHS cTeXioMeTpii. PiBHAHHS MOTEHUIHHOIO MOTOKY 3aCTOCOBYETHCS IS PO3PAXyHKY IIBHI-
KOCTI BiTpy MiX OymiBmsimu. [lJiss BUpIMIEHHS PiBHSHHS MOTEHINIMHOI Tedii BUKOPUCTOBYEThCS HESIBHA Pi3HHIICBA
cxema CamapchKOTO, a U YHCEIFHOTO PIMICHHS PIBHSHHSA MacOIEpPeHOCY — MOMEPEeMiHHO-TPHUKYTHA Pi3HHUIICBA
cxema. UncenpHe iHTETpyBaHHS 3MIHCHIOETHCSA 3 BUKOPHUCTAHHAM MPSIMOKYTHOI Pi3HHIIEBOI CiTKH. MeTon Mapky-
BaHHS («METOJT MapKepiB») BXKUBAETHCS I CTBOPEHHS BUTJIALY PO3paxyHKOBOI obnacti. EMicis amiaky mMopmero-
€ThCS 3 BUKOPUCTAHHAM AenbTa QyHKiil Jipaka s ToukoBoro mkepena. Pesyabraru. Po3pobiena gncensaa Mo-
JIelTb BITHOCUTBCS IO KJlacy «IiarHOCTU4YHI Mozeni». Ll Mozens BpaxoBye ocHOBHI (hi3nuHi (hakTopH, 1110 BIUIMBA-
I0Th Ha MPOIIEC PO3CIIOBaHHS amiaky Ta HelTpaji3aropa, a TakoX BIUIMB OyJiBesb Ha aucrepcito aomimku. Ha oc-
HOBI PO3POOJICHUX YHUCETBHUX MOJEIEH OyJI0 MPOBEACHO OOYMCITIOBAIBHUN CKCIIEPUMEHT 13 OIIHKHA ¢(CKTHBHOCTI
3aCTOCYBaHHS HeHTpasizaTopa JuIs 3HI)KEHHSI KOHIIEHTpaIlii aMmiaky B aTMocdepi B pa3i HOro panToBoro BUKHIY Ha
amiayHi HacocHi crtanuii. HaykoBa HoBH3Ha. Po3po0iieHa umcenbHa MOJENb J03BOJISIE PO3paxyBaTH CTPYKTYpPY
MOTOKY cepell OyIiBens Ta OLiHUTH e(peKTUBHICTh MOJadi HelTpaizaTopa s 3MEHIIEHHs 3a0pyTHCHHS MOBITPS y
pasi He3aIUIaHOBaHOTO BHBUIbHEHHS amiaky. IIpakTH4yHa 3HAUMMicTb. Mozens 103BOJISE MBHAKO PO3PAXOBYBATH
e(eKTUBHICTP Mo/1avi HelTpaizaTopa sl 3HIKCHHS HETaTUBHOTO BIUIMBY €Micii aMmiaky Ha JIFo/Ieii Ta HaBKOIJIUIITHE
cepeoBHILIE.

Knrouosi crosa: 3a0pynaeHHs atMochepr; BUKUA aMiaKy; HeHTpalti3allis; YucellbHe MOACTIOBaHHS
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Henab. [enpo qaHHONH pabOTHI ABISETCS MOCTPOCHUE YWCICHHON MOJETH, KOTOpas MO3BOJIIET PACCUUTHIBATH
3¢ GEeKTHBHOCTh NPUMEHEHUSI HEHTpanu3aTopa Uil CHIDKCHHS KOHLIEHTpAIlMi aMMHaka B aTMocdepe B ciIydae ero
BHE3aITHOTO BBIOpOCA HA TEPPUTOPUH aMMHAYHON HACOCHOW craHIMU. KauecTBaMu MOCTPOSHHON MOJENN JOIKHBI
OBITH OBICTPBII pacueT, yueT METeOpOJIOTMYECKUX MapaMeTpoB W 3[aHUi, YTO PACHOJIOKEHbI BOJIM3M MCTOYHHUKA
BBIOpOCa aMMHaka U HeliTpanu3atopa. Meroguka. Pa3zpaboTanHas Mo/ie)ib OCHOBaHA HA YPABHCHHU JUTS TIOTCHIIM-
AJBHOTO MOTOKA U YPAaBHEHUH TUCIIEPCHUU MpUMecH B atMocdepe. s MoaenupoBaHus XUMHUYECKOTO B3aMMOICH-
CTBHS MEXAYy aMMHMAaKOM M HEHUTPaNU3aTOPOM HCHOJIb3YETCS YPAaBHEHUE CTEXHMOMETPHU. YPaBHEHHE MOTEHIUAIb-
HOTO TIOTOKa YIOTpeOJIsieTcs sl pacdyeTa CKOPOCTH BETpa MEXAy 3JMaHusMH. [ perieHus ypaBHEHHUS TTOTEHIH-
aJIIBHOTO TEUEHMsI MPUMEHSETCs HedBHas pa3HocTHas cxeMa Camapckoro. /[ 4MCIEHHOro pelIeHUus ypaBHEHUS
MaccomnepeHoca UCIOIb3yeTCs MOePeMEeHHO-TPEYTOIbHAS Pa3HOCTHAS CXEMa, a JIJIs YHCICHHOTO WHTETPHUPOBAHIUS
— IPSAMOYTOJIbHAS Pa3HOCTHAS ceTKa. MeTox MapKHPOBaHUS («METO MapKepoBy) MPUMEHSICTCS IS CO3TaHUS BUA
pacueTHO# obmacT. DMHCCHS aMMHaKa MOJACTHPYETCs ¢ UCTIONB30BaHUeM JenbTa QyHKIHK Jupaka st TOYeIHOTO
nctoynrka. PesyabraTel. Pa3paboTanHas ymcieHHas MOAETh OTHOCHTCS K KJIAcCy «IMarHOCTUYECKHE MOJCIH».
OTa MOJenb YYUTHIBACT OCHOBHBIC (hH3MUECKUE (QaKTOPHI, BIUSIOIINE Ha MPOIECC pacCeMBaHMUI aMMHUaKa 1 HeHTpa-
JU3aTOPa, a TAKXKe BIMSHUE 3/1aHUI Ha Aucniepcuio npumecu. Ha ocHOBe pa3paboTaHHBIX YHCIEHHBIX MOJIENei ObLT
MIPOBEJICH BBIYMCIUTEIBHBIA HKCIIEPUMEHT 10 OLEHKE d(P(PEKTUBHOCTH NPUMEHEHUs] HeHTpanu3aropa Juis CHHXKe-
HUsI KOHLIGHTpaluii aMMHaka B aTMoc(epe B cllydae ero BHE3aITHOTO BhIOpOCa Ha aMMHAaYyHOM HACOCHOM CTaHIHH.
Hayunas HoBu3Ha. Pa3paboranHas 4ucieHHas MOJIENb MO3BOJISIET PACCUUTATh CTPYKTYPY IOTOKa MEXIy 3/1aHHs-
MH " OLEHUTH (P ()EeKTUBHOCTH 10/1a4n HEWTpaJIM3aTopa /Ul CHIDKEHUS 3arps3HEHHs BO3/lyXa B CiIydae He3alUlaHU-
poBaHHOTO BbIIeNeHNs1 aMMuaka. [IpakTndeckast 3HaYMMOCTh. Mozenb Mo3BOIsIET OBICTPO PACCUUTHIBATH I eK-
TUBHOCTB TOJa4YH HEHTpamu3aTopa Uil CHIDKCHHS HETAaTHMBHOTO BIUSHHS AMHICCHU aMMHaKa Ha JIIOJCH U OKpY-
JKAFOIIIYTO CPEIy.

Kniouesvie cnosa: 3arpsizHeHne aTMocdepbl; BBIOpOC aMMHUaKa; HeHTpalu3anus; YMCIeHHOe MOISTMPOBaHNE
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NUMERICAL SIMULATION OF POLLUTION DISPERSION IN URBAN
STREET

Purpose. The scientific paper solves the question of 2D numerical model development, which allows quick
computation of air pollution in streets from vehicles. The aim of the work is numerical model development that
would enable to predict the level of air pollution by using protective barriers along the road. Methodology. The de-
veloped model is based on the equation of inviscid flow and equation of pollutant transfer. Potential equation is used
to compute velocity field of air flow near road in the case of protection barriers application. To solve equation for
potential flow implicit difference scheme of «conditional approximation« is used. The implicit change — triangle
difference scheme is used to solve equation of convective — diffusive dispersion. Numerical integration is carried out
using the rectangular difference grid. Method of porosity technique («markers method») is used to create the form of
comprehensive computational region. Emission of toxic gases from vehicle is modeled using Delta function for
point source. Findings. Authors developed 2D numerical model. It takes into account the main physical factors af-
fecting the process of dispersion of pollutants in the atmosphere when emissions of vehicle including protection
barriers near the road. On the basis of the developed numerical models a computational experiment was performed
to estimate the level of air pollution in the street. Originality. A numerical model has been created. It makes it pos-
sible to calculate 2D aerodynamics of the wind flow in the presence of noises and the process of mass transfer of
toxic gas emissions from the motorway. The model allows taking into account the presence of the car on the road,
the form of a protective barrier, the presence of a curb. Calculations have been performed to determine the contami-
nation zone formed at the protective barrier that is located at the motorway. Practical value. An effective numerical
model that can be applied in the development of environmental protection measures for the operation of road trans-
port in the city is considered. The developed model allows estimating sizes, the form and intensity of a zone of pol-
lution at a motorway.

Keywords: air pollution; urban streets; pollution dispersion; numerical simulation

apply CFD simulation to solve the problem [1, 3,
6, 8—10]. As a rule, to obtain flow pattern in streets
foreign authors use Navier — Stokes equations (this
is the model of viscous fluid) coupled with
turbulent models. Very often commercial codes are

Introduction

Pollution from vehicles in urban streets is very
intensive and can cause harm to humans. For this
purpose, it is necessary to predict the level of

pollution in streets. Physical modeling, in this case,
is very expensive [8]. For quick prediction
empirical models are used [1]. These models are
convenient in practice, especially when we must
run many «pilot» calculations. But these models do
not take into account some important properties of
pollutant dispersion process in streets. The main
problem is that the process of air pollution in
streets takes part in the region having comprehen-
sive geometrical form (presence of buildings, dif-
ferent obstacles, etc). The alternative way is the
numerical simulation of this process. Many authors

used for this purpose. Worthy of note, that
application of Navier — Stokes equations needs
application of very fine computational grid during
the computational experiment to simulate in detail
the process of vortexes formation and their
dispersion and interaction in the region. Using the
model of viscous fluid, we must use very fine grid
inside the boundary layers. This is a real problem if
we have big dimensions of the buildings, obstacles
in streets. So, in case of Navier — Stokes equations
application it is necessary to use powerful PC and
every computational experiment consumes much
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time. This is not convenient when we must run
a lot of practical calculations considering different
scenario of air pollution in streets and, especially,
when we try to find the effective protection
measures because in this case we must consider
many alternative variants of protection. In this case
it would be better to split the study in two steps. At
the first step we may find the «satisfying» variant
using numerical model which does not consume
much time and not take into account some physical
features of the process. After that, at the second
step, we may use more powerful model to compute
in detail the variant of protection which has been
chosen. So, for quick calculations at the first step it
is important to have CFD models which consume
not much computational time but they allow to
take into account such important features as
obstacles, emission rate, etc.

Purpose

The purpose of this paper is development a
numerical model for quick computing of the local
air quality near roads.

Aerodynamic equation

To simulate the wind pattern near the road we
use model of potential flow. In this case the
governing equation is [5]:

o°P O°P
Ty @

where P is the potential of speed.
The wind velocity components are calculated as
follows:

o
o’ dy

Boundary conditions equation (1) are discussed

in [1]. To perform numerical integration of this
equation rectangular grid was used.

To solve equation of potential flow (1) we used

the difference scheme of «conditional approxima-

tiony. In this case, first of all, we transformed Eq. 1
to equation having «evolution type» [5]

u

oP 0°P 0°P
ERE A @

where 1 is «fictitious» time.

For n— o the solution of equation (2) tends to

the solution of equation (1).

After approximation of Eq. 2, we split it in the
sequence of two difference equations having
implicit form [5]

I’H»% n n+% n-*% n+5 n+%
b,?=F, |-B;"+F,; N -F ;% +F ]
At AXZ AyZ >
1
n+l1 'HE n+l n+l n+l n+l
Pi,j _E,j _ Pi+1,j _Pi,j n i+ tiy (3)
At Ax? Ay*
Unknown value of P . can be -easily

LJ
determined from each difference equation (3) using
explicit formulae of «running calculation». As the
«initial» condition for Eq. 2 we may use, for,
example, P=0 for n =O0.

Pollutant Transport Equation

To simulate the pollutant dispersion near road
equation of convective — diffusive transfer is used
[1,4,7]
oC ouC ovC
— 4+ +—>=

ot 0Ox Oy

N

=div(ngradC)+ ZQi (6)8(x=x)8(y=»). 4

i=1

where C is mean concentration

A
C(x,y) :WJ.C (x,y,z)dz.
0

W is width of the computational region; u,v are
the wind velocity components; w=(u,,u,) are

the diffusion coefficients; Q. is rate of emission;
8(x—x,),8(y—y;) — are Dirac delta function; t is

time.

Initial and boundary conditions for Eq. 4 are
described in [1, 4].

Before solving Eq. (2) we made it’s physical
splitting into the sequence of three equations.
These are the following equations:

oC ouC ovC
ot ox Ox

0, )
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ac_of, oc), of ac ¥
or ox\"ox ) ap\Mray )
oC
—_—= (t)o(r—r),
== 2.2(1)8(r—n)
where 8(r—r) is Dirac delta function;

r.=(x,,y;) are the coordinates of the point source.

The first equation in (5) describes pollutant
transfer along trajectories. The second equation in
(5) describes the diffusive dispersion of pollutant.
The third equation in (5) describes concentration
change under the action of source Q.

To solve the first and the second equations in
(5) the implicit change — triangle difference
scheme was used [1]. To solve the third equation
from (5) Euler method was used [5].

Numerical integration of difference equations is
performed using rectangular grid. Values of P, C
are determined in the centers of computational
cells, values of u, v are determined at the sides of
the computational cells. For coding difference
equations, we used FORTRAN language.

Findings

Developed numerical model and code were
used to compute CO concentrations near road
which has barrier at the curb. Numerical simulation
was performed for two scenarios. The first one is
scenario where barrier has a form of vertical plate
(Fig. 1). The second scenario is application of
barrier which has additional «short wing» at the
top (Fig. 2). «Body» of the vehicle is represented
as rectangular. Its form and form of the curb, bar-
rier is represented in numerical model using
«markers» (porosity technique). Outlet opening of
the vehicle is a passive source of emission. It
means that we don’t take into account speed of
gases which move from it. Arrow indicates the
wind direction.

Results of numerical simulations are shown in
Fig. 3-5. Fig. 3, 4 represent CO concentration field
near road. We can see that application of barrier
with «short wing» allows to reduce the width of
contaminated zone behind the barrier.

Fig. 1. Sketch of computational region (the first
scenario): I — vehicle; 2 — source of emission
(outlet opening); 3 — plume; 4 — curb; 5 — barrier

Fig. 2. Sketch of computational region
(the second scenario):
1 —vehicle; 2 — source of emission (outlet
opening); 3 — plume; 4 — curb; 5 — barrier; 6 — «short wing»

6. 438E+81

| =

A.ZAAE+AA coordinate x A. GAAE-A1

Fig. 3. Computed CO concentration
(barrier without «wing»)

A. 188E
a.288

Fig. 4. Computed CO concentration
(barrier with «short wingy)

In Table 1 we present computed CO
concentration behind barriers at height #=1,7 m.
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Table 1

Computed CO concentration at height h =1.7 m
Distance from Concentration Concentration
barrier (scenario: no (scenario: short

wing) wing)

0.6 m 1.01 mg/m’ 0.94 mg/m’

1.0m 0.95 mg/m’ 0.88 mg/m’

1.4 m 0.89 mg/m’ 0.82 mg/m’

1.8 m 0.85 mg/m’ 0.78 mg/m’

As we can see from Table 1 application of
barrier having «short wing» allows reduce CO
concentrations near the road.

Worthy of note that computational time was
about 5 sec. for each scenario. It allows to use the
developed numerical model for practical
application when series of computational
experiments must be run.

Originality and practical value

A model has been developed to compute
concentrations near roads. Numerical model is
based on application of mass transfer equation and
equation of potential flow.

The peculiarity of the developed model is the
use quick calculation of contaminated zones and
account of geometrical form of vehicle, curb,
barriers near the road.

Conclusions

Numerical model for estimating the level of
atmospheric air pollution near roads is proposed.
Proposed numerical model allows to predict level
of pollution with account of geometrical form of
vehicle, curb, barriers near the road, intensity of
emission rate. The solution of the aerodynamic
problem is based on the numerical integration of
equation for potential flow. This allows to perform
quick calculation of wind pattern near road using
PC which are available now in Ukraine. To predict
toxic gases concentrations near road convective —
diffusive equation is used. Numerical integration
of this equation is performed using implicit
difference scheme. Using the developed numerical
model some numerical experiments were
performed to study the influence of barrier form on
intensity of local contamination near road.

Further improvement of the model should be
carried out in the direction of creating a 3D
numerical model.
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YUCEJBHE MOJAEJIOBAHHA PO3ITOBCIO/’KEHHA 3ABPY/IHEHHSA
HA MICBKIH BYJIUIII

Mera. Y HayKoBiii cTaTTi HEOOXiTHO BUPIIIUTH MUTAHHS IIOI0 PO3poOKku 2D uncenpHOi MoIeni, sSika T03BOIHIIA
0 mBHIKO pO3paxyBaTH Mporec 3a0pyTHEHHS aTMOC(EpPHOTO MOBITPS BUKUAAMH aBTOTpaHcmopTy. Ilepenbadeno
TAKOX CTBOPUTH YHCEIIbHY MOJIENb, 10 JaBaia O MOXJIMBICTh MPOTHO3YBaTH PiBeHb 3a0pyHEHHs aTMOC(epHOro
MOBITPS TP BUKOPUCTAHHI 3aXHCHUX Oap’epiB Ot moporu. MeTtoauka. Bukopucrano po3po0ieHy MOAETb, siKa
6a3yeThCs Ha PIBHSIHHI HEB A3KOi PIIMHM Ta PIBHAHHI MacorepeHocy. PIBHSHHS U MOTEHIIATy MIBUAKOCTI BUKO-
PHCTOBYETBCS JUIsl PO3PaxyHKY TOJISI IIBHIKOCTI MOBITPSHOI'O MOTOKY NpH ekciutyaTauii 6ap’epis. [Ipu BupimeHHi
PIBHSIHHSI JUIsl HOTEHIialy MIBUAKOCTI 3aJlisiHA HEesIBHA PI3HHIIEBA CXeMa «yMOBHOI anpokcumaiin. J{i1st yrcensHoro
pillIeHHs 3aJiaui MacONePEHOCY BXKHMBAETHCS HESIBHA MOINEPEMIHHO-TPUKYTHA Pi3HHUIIEBA cxeMa. YucesbHe iHTerpy-
BaHHS 3/IIIICHIOETHCS Ha IPSIMOKYTHIN pi3HMLEBiH citii. s GpopmyBaHHs ckiaaHoi GopMu po3paxyHKOBOI 00JacTi
BUKOPHCTOBYIOTHCSI MapKEpH, a JUIsl MOJICITIOBaHHS JKepelia eMicii — MOJIelIb TOYKOBOTO JPKEpena, sika popMyeThes
3a JroroMorolo nenbra-pyskunii [Jipaka. PesyasTaTn. ABTropamu po3pobieno 2D uncensHy MoJienb, sika BpaXxoBye
OCHOBHI (pi3u4Hi (haKTOPH, IO BIUIMBAIOTH Ha MPOIEC PO3CIFOBAHHS IIKIIJIMBUX PEYOBHUH B aTMOc]epl IpH BUKUIAAX
BiJl aBTOTPAHCIIOPTY 3 YpaxyBaHHIM PO3MIIIEHHS 3aXMCHUX 0ap’epiB Oinmst moporu. Ha ocHOBI moOymoBaHUX dmce-
JTBHUX MOJENeH MPOBEJCHO O0UYHCIIOBANIHIA SKCIICPUMEHT 13 OLIHKH PiBHA 3a0pyIHEHHS MOBITPSHOTO CEPeOBU-
mra Ha Bynuni. HaykoBa HoBu3Ha. CTBOpEHO UYMCENBHY MOZENB, SKa J03BOJSE po3paxyBatu 2D aepoamHamiky
BITPOBOTO MMOTOKY B YMOBaX HAsBHOCTI MEPEIIKO]] Ta MPOIEC MACOTIEPEHOCY BUKUAIB TOKCHYHUX T'a3iB BiJ aBTOTpa-
cu. Mojiesb 103BOJIsSIE BPaXOBYBAaTH HAsIBHICTh aBTOMOOLIISI Ha 10po3i, GOpMy 3aXUCHOTO Oap’€epy, MPUCYTHICTH 00-
paropy. BUKOHaHO pO3paxyHKH [0 BU3HAUCHHIO 30HU 3a0pyaHEHHS, 0 (GOPMYEThCsI OIS 3aXUCHOTO Oap’epy, po3-
TaioBaHoro Oiist aBromaricrpaini. [IpakTuyna 3HaunmicTs. Po3risiHyTa eeKTHBHA YUCEIbHA MOIEIb, KA MOXE
OyTH 3acTOCOBaHA MPH PO3poOIIi 3aX0iB 13 OXOPOHH HABKOJHMIIHBOTO CEPEIOBHIA IPH eKCILTyaTallii aBToMOO1Ib-
HOTO TPaHCIIOPTY B MicTi. Po3pobiiena Mozens 103BOIIsIE€ OLIHUTH PO3MipH, (JOpMY Ta IHTEHCHUBHICTh 30HHU 3a0pya-
HeHHs Ous aBToMaricrpati.

Kniouosi crosa: 3a0pynHeHHs aTMoc(epy; MIChKI BYJIUIII; HOIMINPEHHS 3a0pYAHCHD; YNCEIbHE MOJICIIIOBAHHS
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YUCJIEHHOE MOJIEJIUPOBAHUE PACIIPOCTPAHEHMUSI
SAT'PA3HEHUSA HA I'OPOJCKOU YJIMIE

Leanb. B HayuHOIl cTaThe HEOOXOAMMO PEIUTH BOIIPOC pa3paboTku 2D yucieHHO# Mojenu, KOTopast MO03BOJIHU-
Ja Obl OBICTPO paccuMTaTh MPOLECC 3arps3HeHHsi aTMoc(epHOro BO3JyXa BBIOPOCAMU aBTOTPAHCIIOPTA.
[Ipeanonaraercst Takxe co3/1aTh YHCICHHYIO MOJIEIb, KOTOpas AaBajia O BO3MOXKHOCTH IIPOTHO3MPOBATh YPOBEHB
3arpsi3HEHUs] aTMOC(EPHOrO BO3yXa IPH UCIIOJIb30BAaHUHU 3alIUTHBIX OapbepoB y goporu. Meronuka. Vcmons3o-
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BaHa pa3paboTaHHas MOJIENb, OCHOBaHHAsI HA YPaBHEHNUHU HEBS3KOM JKHIKOCTH U yPaBHEHHH MaccolepeHoca. Y pas-
HEeHHWe JJIs TIOTeHIMata CKOPOCTH MCIOJIB3YETCs ISl pacieTa IoJisi CKOPOCTH BO3AYIIHOTO MOTOKA MPU JKCILTyaTa-
nuu Gapwepos. Ilpu perieHnn ypaBHEHHs Ul NTOTEHIMala CKOPOCTH 3a/IciiCTBOBaHA HESIBHAS Pa3HOCTHAs cXeMa
«yCJIOBHOH ammpoKCUMaium». J{Jsi YUCIICHHOTO pelIeHHs 3aadll MacCoIlepeHoca yrnoTpediseTcsl HessBHas Iorepe-
MEHHO-TPEYTOJIbHAsI pa3HOCTHAs cxeMa. UHCIeHHOe MHTErpUPOBaHKNE OCYIIECTBISIETCS HA MPSIMOYTOJIbHOM pa3HO-
cTHO# ceTke. J{ns popMHUpOBaHUS CIIOKHON (POPMBI pacdeTHON 00IaCTH MPUMEHSIOTCS MapKephl. A UIT MOJICIHPO-
BaHWS NCTOYHHMKA YMHUCCHH — MOJICNIb TOUEYHOTO MICTOYHNKA, KOTOPask MOAEIHPYETCS C TOMOIIBIO JIENbTa-QYHKINN
Jupaka. Pe3yabTaThl. ABTOpamMu pazpadoTtana 2D uynciaeHHas MOJENb, KOTOpask YIUTHIBAET OCHOBHbIE (PU3MUECKHE
(akTOpbI, BIUIOIINE Ha NIPOLIECC PACCEMBAHMs BPEIHBIX BELIECTB B aTMOC(epe NpH BEIOPOCAaX OT aBTOTPAHCIOPTA
C Y4EeTOM pPa3MEIICHUS 3aIUTHBIX 0aphepoB y Noporu. Ha oCHOBE MOCTPOECHHBIX YHMCIEHHBIX MOJEIEH MPOBEAEH
BBIYMCIINTENbHBIA ~ OKCIIEPUMEHT TI0 OLEHKE YPOBHS 3arpsA3HEHHMs BO3AYIIHOM cpeipl Ha  yJIHIE.
Hayuynasi HoBu3na. Co3zjaHa 4uclieHHas MOZEJb, KOTopas MO3BOJsieT paccuuTarh 2D a’pojuHaMHKy BETPOBOTO
MOTOKa B YCJOBHMSX HAJIMYUS MOMEX M IPOIECC MAacCONepeHOca BBIOPOCOB TOKCHYHBIX Ta30B OT aBTOTPACCHI.
Mojiens O3BOJISIET YYUTHIBATh HATMYME aBTOMOOWIISI Ha Jopore, GopMy 3allluTHOrO Oaphepa, MPUCYTCTBUE OOP/IIO-
pa. BBINONHEHBI pacyeTs! M0 ONPEAETICHUI0 30HBI 3arpsi3HEHHs, (OPMHUPYEMOH y 3allUTHOrO Oapbepa, KOTOPBIH
pacrionioxxeH y aBromaructpanu. [IpakTuyeckasi 3HaunMocThb. Paccmorpena sddexriBHas yuciaeHHas MOJAETb,
KOTOpasi MOXeT OBITh IPUMEHEHA MU pa3paboTKe MEPONPHATHI IO OXpaHe OKPYXKAIOIIEH Cpeabl MPU IKCILTyaTa-
IIMM aBTOMOOMIIBHOTO TpaHCHOpTa B ropoze. PaspaboTaHHast MOJENb MO3BOJSIET OLEHUTH pa3Mepsl, GOpMy W MH-
TEHCUBHOCTb 30HBI 3aTrPSI3HEHUS Y aBTOMArHCTPAITH.

Kniouegvie cnosa: 3arps3HeHne aTMoc(epsl; TOPOJICKHE YIHIBL, PaclpoCTpaHEHUE 3arpsA3HEHUI; YUCICHHOE
MOJIETTHPOBAaHNE
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DETERMINING PERMISSIBLE SPEED OF TILTING TRAIN IN
CURVED TRACK

Purpose. The main purpose of the article is to determine the permissible speed of the air-cushioned tilting train
in curved track and to justify the expediency of operating this type of rolling stock on the railways of Ukraine
to increase the speed, improve the passenger comfort and save the energy due to more uniform high-speed train
driving. Methodology. The determination of the maximum permissible speed of the tilted train in curved track
involves the use of methods of linear and vector algebra and empirical formulas for applied scientific and technical
research. The calculation of the maximum speed is based on the principle of calculating centrifugal force for the
velocities that meet the safety criteria of movement on the horizontal unbalanced acceleration in the stable radius
curve. Findings. The results of the calculations showed that in the 1000 m radius curved track section, provided the
passenger comfort, the maximum permissible speed of the train without forced tilt is 132 km/h, and with the forced
tilt — 189 km/h. The velocity gain in the curve is about 30% and up to 10% on the section (depending on the number
of curves). Originality. The method of determining the permissible speed of the tilted train in curved track is
improved, which consists in determining the permissible centrifugal force acting on the train in the stable radius
curve, taking into account the passenger comfort conditions. Practical value. This method allows accurately deter-
mining the permissible speed on the condition of passenger comfort in the curved section and the required additional
tilt angle of the train, depending on the speed, curve radius and canting. Enhanced speed and comfort of passenger
trains in the future will increase the demand for rail services among the population and strengthen the position of rail
transport in Ukraine’s transport system.

Keywords: high-speed transport; rolling stock; body tilt system; centrifugal force; resultant force; curve radius;
canting

In order to solve the problem of introduction of
Introduction high-speed trains in Ukraine, it is necessary to ap-
ply the systematic approach that includes the
analysis of world experience, the study of the pre-
conditions for organization of high-speed trains in
Ukraine, ways of connecting the domestic railway
network with the European one, designing of high-
speed lines, which involves the development of
requirements and standards for plan and longitudi-
nal profile designing [5].
Another problem of the development of high-
speed transport is that virtually all infrastructure

Integration of Ukraine into the European com-
munity creates preconditions for a significant in-
crease in passenger and freight transportation vol-
umes. Under these conditions, the requirements for
transport are essentially new. The radical measure
to provide domestic and international passenger
transportation is the creation of a high-speed rail-
way network with access to the European network
and CIS countries [7].
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and rolling stock remained as inheritance since the
Soviet era. Therefore, the entire railway industry of
Ukraine is out-dated and needs a global upgrade,
consisting of:

— reconstruction of the track and the contact
network;

— modernization or renewal of the fleet of roll-
ing stock;

— complete replacement of signalling, centrali-
zation and locking devices with more modern ones
designed for high-speed traffic;

— replacement of the cargo and passenger train
operation model.

If Ukraine aspires to integrate into the transport
system of Europe, then the rail transport must meet
the European standards in terms of comfort,
reliability and security.

Such leading countries as Germany, France,
Italy, Spain, China and Japan are actively using
trains on air-cushioned suspension with body
forced tilt in curves to improve the speed and
comfort of passengers. This can significantly
reduce the effect of centrifugal acceleration on
passengers in curved track sections and rolling
stock vibration at high speeds [13].

Problem statement

On the railway lines, the possibility of speed
increasing in the track curved sections is limited by
the effect of transverse centrifugal acceleration,
acting on the rolling stock and passengers. It
increases in proportion to the velocity squared and
decreases in proportion to the curve radius. Also,
centrifugal acceleration creates the force that
pushes the rolling stock to the outer rail, which can
lead to the derailment. Passengers and locomotive
crew also experience the effect of centrifugal force,
which tries to throw them away from the centre of
the curve to the car side. This factor creates
considerable discomfort during the trip. Partially,
the action of the centrifugal force is reduced by
increasing the canting in the track curved sections.
In this case, some part of the centrifugal force
acting on the passengers is compensated.

If one installs the rail lines in the curve in one
level, then the centrifugal force, together with the
crew weight, will form the resultant force that can
go to the outer rail line. This force causes:

— increased wear of the lateral surface of the
outer rail;

— rebounds of the external rail;

— unpleasant sensations of passengers due to
unbalanced acceleration.

Maximum canting in Ukraine is 150 mm By the
permission of Ukrzaliznytsya, the maximum cant-
ing can amount to more than 150 mm, but this will
lead to uneven wear of rails and discomfort of
passengers at low speed [9].

However, the canting is not always enough to
increase the speed in the curve. This is due to the
fact that the canting is designed for the speed of
freight trains, which, as a rule, move at speeds up
to 80 km/h.

This problem is especially relevant for Ukraine,
since for the introduction of high-speed traffic, the
minimum radii of curves should be about 4 000—
5 000 m, and on the railway lines of Ukraine there
are curves with radii of about 500 m, which does
not meet the requirements of high-speed railway
lines. The increase of the curve radius is a
complicated process, expensive and, to some
extent, impossible, due to the densely populated
settlements and rail infrastructure. Thus, the tilting
rolling stock should solve the problem of the
implementation of high-speed traffic on the
territory of Ukraine. When using trains with such a
system, the part of the centrifugal force is
compensated.

Therefore, in this article, we strive to prove the
expediency of operation of the high-speed rolling
stock on the Ukrainian railway lines with the body
tilt system in the curved track sections in order to
increase the speed of passage of curves without
profile reconstruction and change. It will also
allow saving the energy through the steadier mode
of train driving.

Analysis of researches and publications

In the works by Redchenko E.S. [10],
Kurgan M. B. [6] and Zubko A. P. [1] the possibil-
ity of using the tilting rolling stock in Ukraine dur-
ing the organization of high-speed traffic was
already considered.

In order to determine the permissible speed of
the train with the body forced tilt in the curve the
work [10] proposes the following method.
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The vehicle moving in the curve is affected, in
general, by two main forces: gravity and
centrifugal force, which depends on the movement
speed and the curve radius. All forces acting on the
vehicle in the track curve are shown in Fig. 1

The centrifugal force is determined by the
formula:

Fe = ; )

where m — rolling stock mass, kN; V' — rolling stock
curve,

speed in the km/h; R -

radius, m.

curve

_/1

Fig. 1. Vehicle movement with additional tilt
of the body in curve

To reduce the effect of centrifugal force in the
curves, the outer rail is placed higher than the
internal one by the value of cant 4, m. Therefore,
the track is inclined with respect to the horizon at
the following angle:

. [ h
= — 1, 2
a arcsm(zsj 2)

where 25 — track width, m.

Due to this, a part of the centrifugal force is
compensated by the force of gravity, since in the
floor plane of the car the projections of the
foregoing forces are directed to the opposite sides.

Obviously, the result of the vectorial addition
of these forces will be some unbalanced lateral
force F, =F +Fg,.

To provide the greatest comfort for passengers,

the unbalanced lateral force should be equal to
zero. The projection of the centrifugal force must
be fully compensated by the gravity component:

V2

coso=mgsina,, 3)

where g — free fall acceleration, m/s’.

The profile of the curves is constructed with a
fixed optimal canting. But since trains move at dif-
ferent speeds, one should define «insufficient cant-
ing». The maximum canting is limited for reasons
of preventing the rolling stock tipping into the
curve when it stops or moves slowly and is equal
to A, =0,15m.

Insufficient canting can be compensated by
inclining the vehicle body with the help of addi-
tional force for the angle B, into such a position

that the body would occupy during movement in
the curve with the required canting of the outer
rail, i.e. h=h, +h
The condition for compensating the centrifugal
force for tilting trains can be written as follows:

max *

2
cos(a + B) = mg sin(a + ). 4

Consequently, the expression for the additional
angle of the body tilt will be as follows:

VZ
R-g)_a' ®)]

B= arctg(

The disadvantage of this method is that the au-
thor [10] does not take into account the condition
of passenger comfort on horizontal unbalanced
acceleration, and the additional angle of the body
tilt is determined with full compensation of the
centrifugal force, i.e. the unbalanced acceleration
in this case is equal to zero, and as it is known, the
permissible unbalanced acceleration is
a, =0.7 m/s’.

The authors in [6] and [1] propose the method
for determining the permissible speed of the tilting
train in the curve, which is as follows.

In circular curves, the permissible speed of
movement is determined by the safety criterion of
movement on the horizontal unbalanced accelera-
tion:
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V=36 /R(aU+%-hej, (6)

where 5, — estimated canting, mm; S — distance
between the rail top axes, 1 600 mm.

In modern vehicles, which during curve passing
have the body forced tilt into the middle of the
curve at the angle vy, the permissible speed in-
creases with the introduction of canting into the
formula (6), which is an additional compensation
for the unbalanced acceleration:

_m-S-siny
180

Substituting formula (7) into formula (6), we
obtain the permissible speed of the train with the
forced tilt of the body in the curve:

V=3.6\/R(ocU+§-(he+Ah)J. (8)

(7

The main disadvantage of this method is that
the authors [1, 8] do not perform calculations to
determine the additional angle of the train tilt y

during the curve passage, since the additional tilt
angle depends on the curve radius, movement
speed, canting and the maximum tilt angle
achieved by the rolling stock.

Purpose

Justification of the expediency of operation of
the air-cushioned rolling stock with tilt in curved
sections on the railways of Ukraine for increased
speed and comfort of passengers.

Methodology

The methodology for determining the
maximum permissible speed of the tilted train in
curved track involves the use of methods of linear
and vector algebra and empirical formulas for ap-
plied scientific and technical research.

The calculation of the maximum speed of the
tilted train in curved track is based on the principle
of calculating centrifugal force for the velocities
that meet the safety criteria of movement on the
horizontal unbalanced acceleration in the stable
radius curve.

Basic material

The modern high-speed trains have three main
systems of body tilt in curves: passive, active and
active-passive.

In passive tilt systems, the body is suspended
like a pendulum with a centre of rotation above the
body gravity centre. When moving in the curve,
the centre of gravity under the action of centrifugal
force is displaced externally, providing the
required angle of the body tilt. The tilt angle of the
passive system can be up to 3°-5°. In this case, a
significant part of the centrifugal force is
compensated, and the speed in the curves can be
increased by 14% [8].

In active systems, the tilt of the body is
performed with the help of special devices.
Hydraulic, pneumatic, electro-hydraulic and
electromechanical systems are used as a power-
driven mechanism of the body forced tilt. In order
to ensure correct operation of the system, the roll-
ing stock is equipped with a number of sensors,
which, depending on the speed, curve radius and
canting, determine the optimal angle of the rolling
stock tilt. Typically, the tilt angle of the active sys-
tems is 8°—10° [8], which makes it possible to
increase the speed to 25-30 %.

The active-passive tilt system can work both as
active and passive depending on the speed and the
desired angle of the body tilt. If you need to turn
the body to 3°-5° angle, then the system works as
a passive one. If you need to set a larger angle,
then the system starts to work as active. The
advantage of the passive tilt system is that there is
no need to spend energy for the body tilt and it has
simple and reliable design. And the advantage of
the active one is the greater maximum possible tilt
angle [5, 14].

In this paper, the method for determining the
permissible speed of movement in the curve with
the body forced tilt is as follows:

— determination of the permissible speed of the
train in the curve provided the passengers feel
comfortable;

— determination of the forces acting on the
train in the track curved section (centrifugal force
and gravity);

— determination of the permissible centrifugal
force in the curve subject to comfort;
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— determination of the resultant force for
centrifugal and gravitational forces;

— determination of the angle of deflection of
the resultant force vector at the permissible speeds
from the vertical axis Oy;

— determination of the angle of deflection of
the resultant force vector from the vertical axis of
the locomotive, which in turn is the desired angle
of the body tilt in the curve;

— determination of the permissible angle of
deflection of the resultant force vector from the
vertical axis Oy with the body forced tilt;

— determination of the value of the resultant
force and centrifugal force with the body forced tilt
in the curve;

— definition of maximum speed with the
maximum angle of the body tilt, which is provided
by the rolling stock design;

— construction of the graph showing the
dependence of the centrifugal force of the locomo-
tive on the speed in the track curve, the limitation
of the centrifugal force without body tilt, the limi-
tation of the centrifugal force with body tilt and the
limitation of the speed at the maximum angle of
the body tilt.

Increasing the speed of movement requires
much greater compliance with traffic safety
criteria. This is especially true for the tilting rolling
stock. In world practice, the following traffic
safety criteria are used:

— vertical acceleration, which arises during the
movement of the train in the curve section of the
longitudinal track profile;

— longitudinal acceleration associated with the
processes of braking and run-up;

— horizontal unbalanced acceleration, which
arises during the movement in the track curve in
plan;

— full acceleration, acting on the passenger;

— vertical acceleration occurring in the
passenger car body, caused by fluctuations, and
acting on a passenger;

— criterion of safety of movement on elastic
edging of a rail.

The criterion that influences the safety of the
passengers of the tilting train the most is the crite-

rion of comfort, that is, the criterion of safety of
movement on the horizontal unbalanced accelera-
tion.

As already noted, the permissible speed of
movement in the track curve in the condition of
comfort of passengers and locomotive crew is
determined by the largest value of unbalanced
acceleration o, =0.7 m/s’, which is specified on

the railways of the CIS countries. In justified cases,
in order to eliminate the speed limit on individual
curves depending on the locomotive type, the
transverse permissible unbalanced acceleration can
be increased to 1 m/s®, but not long-term and not
repeated. Permissible unbalanced acceleration for
freight trains, provided that the outer or inner rail
of the curve is not overloaded, is equal to
+0.3 m/s” [3, 12].

Different authors offer different formulas for
determining the permissible speed of movement in
the curved track. From the considerable volume of
literature, it is possible to define three most used
empirical formulas for determining the permissible
speed of passage of curves provided the comfort of
passengers and locomotive crew. Formula (9) is
given in [3], formula (10) in [11], and formula (11)
in [2].

V om =JR-(0.08-h+12,96 - 01, ) 9)

V erm =\/3.62-R-(%-g+aUJ (10

=3.6\R- (o, +0,00613-%)  (11)

According to the above formulas in Fig. 2 we
constructed the graph of dependence of the permis-
sible movement speed on the curve radius without
body tilt for the following conditions: the canting
h=50, =100 and /=150 mm, the curve radius
R =500...5000 m. Since the difference in the re-

sults obtained by formulas (9), (10) and (11) is less
than one per cent, so it makes no sense to construct
all three dependencies; it’s enough to just construct
the dependence by one of the formulas for three
different cants.

Vperm
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Fig. 2. Graph of the dependence of permissible movement speed on the curve radius:

1, 2, 3 — functions V'
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(R) with canting

by h=50, h=100 and # =150 mm, respectively

The vehicle moving in a curve, in general, is
affected by two main forces: gravity and
centrifugal force, which depends on the speed and
radius of the curve. All forces acting on the
locomotive in the curve are shown in Fig. 3. The
result of the vector addition of centrifugal and
gravitational forces is the resultant force.

For the calculation scheme of the forces acting,
the centrifugal force F., acting on the rolling

stock in the curve is determined by the formula (1),
and the angle of canting o is determined by the
formula (2).

Substituting in formula (1) the value of the
maximum permissible speed under the condition of
comfort, which is calculated by the formula (9), we
obtain the maximum permissible centrifugal force
acting on the rolling stock in the curved track.

The fig. 4 shows the graph of dependence of
the centrifugal force on the curve radius at
different speeds.

Fig. 3. Vehicle movement without body tilt
in the curve:

F, — gravity force; Fi.— centrifugal force;

F, r — Tesultant force of gravity and centrifugal forces;

o — angle between the vector of the gravity force and the
vertical axis of the rolling stock without body tilt and the angle
of canting; B —additional angle of rolling stock tilt; Y — angle

between the resultant force vector and the gravity force vector
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Fig. 4. Graph of dependence of the centrifugal force
on the curve radius at different speeds:
1, 2, 3, 4—functions F(R) at speeds of 50, 100, 150 and

200 km/h respectively;
5 — limitation of centrifugal force

The resultant force from the centrifugal and
gravitational forces is determined by the vector
addition and will be equal to:

F,=\F>+F}?. (12)

The force of gravity acting on the rolling stock
is determined by:

F.=mg. (13)

The basis of the method for determining the
permissible speed of the tilting rolling stock is the
definition of the maximum deflection angle of the
resultant vector without and with body tilt,
provided that the passengers feel comfortable. The
deflection angle of the resultant vector without
body tilt is equal to:

=arct fe
Y g F, .

For the greatest comfort of the passengers, the
resultant vector should be perpendicular to the
floor plane. Besides, this angle is an additional
necessary angle for the body tilt in the curve and is
determined by the formula:

F
=arctg| —< |—a.
P g[FGj

After the substitution and transformation of
formulas (14) and (15) we obtain:

(14)

(15)

(16)

sz
R-g'

V2
Bzarctg( J—a.
R-g

It is seen that the formula for determining the
additional angle of body tilt (17) coincided with
the formula (5), which is calculated according to
the method [1].

If we calculate the additional tilt angle by the
formula (15), it is worth noting that the additional
tilt angle can be not only positive, but also
negative. The negative tilt angle is formed when
the body is tilted in the direction opposite to the
turn. This is necessary in the case when the train
moves at a low speed in the curve with a suffi-
ciently high canting.

The permissible tilt angle of the resultant vector
to the vertical axis Oy with the body forced tilt is
defined as the sum of the deflection angles of the
resultant vector without body tilt and the required
additional tilt angle:

Y= arctg(

(17)

(18)

Now, the permissible resultant and centrifugal
forces with the body forced tilt will equal respec-
tively:

Yr=v7+B.

F
FRT= g (19)
T cosy,
FC.T = \/FR.T2 _FGZ . (20)

In order to determine the maximum permissible
speed of the tilting train under the condition of
maximum compensation of centrifugal force and
subject to the horizontal unbalanced acceleration, it
is necessary to solve the equation (17) in relation
to the unknown velocity V, taking the tilt

angle3=8°, since this tilt angle is the maximum

permissible for this type of rolling stock.

The maximum speed of the tilting locomotive,
provided that the resultant force is perpendicular to
the car floor, is determined as:

Vit =Jt€(0+B;)12.96- R - g .

ey
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The maximum speed of the tilting locomotive,
provided that the resultant force has the maximum
allowable tilt angle with the condition of comfort,
will be determined by the formula:

Va2 =18 (1 +B;)12.96 R g .

(22)

Findings

The Figure 5 shows the constructed graph for
determining the permissible speed of tilting train
movement in the curve. The graph shows the cen-
trifugal force acting on the rolling stock when
speed increases and a number of limitations: curve
1 is the permissible centrifugal force without body
tilt, curve 2 is the permissible centrifugal force
with body tilt, curve 3 is the function F,.(V) of

centrifugal force from the speed acting on the train
in the curve, curve 4 is the maximum speed limita-
tion provided that the resultant vector is perpen-
dicular to the body floor, curve 5 is the maximum

speed limitation with body tilt under the condition
of passenger comfort. The graph is constructed for
the following input data: train  speed
V' =0...250 km/h, curve radius R=1000 m, cant-
ing =100 mm, maximum angle of rolling stock
tilt B=28". For comparison, Table 1 shows the re-
sults of calculations of the permissible speed of
tilting train in the track curve according to the au-
thors’ methods [1, 6, 10] and the calculation meth-
od presented in this article.

As the graph shows, the maximum permis-
sible speed of the train without body tilt is
132 km/h, and with body tilt — 189 km/h. The
velocity gain in the curve R=1000 m is 30 %.

This result can be considered adequate, as it
coincides with the results of calculations
[1,6].

Similar dependences can be constructed for
other values of curves radii and canting.
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Fig. 5. Graph for determining the permissible speed
of tilting train movement in the curve
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Table 1
Results of calculations of the permissible train speed according to different methods
Method of calculating the per- L Speed ofthe train provi ded that Speed of the train with
. . . Speed of the train without the centrifugal force is fully .
missible train speed in the . . body tilt under comfortable
body tilt, km/h compensated by body tilt, -
curve conditions, km / h
km/h
Methodology Qescrlbed in 130.7 161.4 188.7
the article
Methodology of the authors
130.6 — 186.3
[L, 6]
Methodolog[}{5 ;)f the author B 161.4 B

Originality and practical value

The method for determining the permissible
speed of movement and the additional angle of
body tilt in the track curve of the tilting train is
improved. It takes into account the comfort condi-
tion by the value of the horizontal unbalanced
acceleration. This will allow more accurately
determining the speed of movement of this
type of rolling stock in the curved track sec-
tion.

Conclusions

1. As demonstrated by the calculations made,
the determining factors for the railways of Ukraine
affecting the train speed are the curve radii and
canting, which is designed for the movement of
freight trains.

2. The results of calculations indicate that the
maximum permissible speed of the train without
body tilt in the curve R=1000 m is 132 km/h,

and with body tilt — 189 km/h. The velocity gain is
57 km/h.

3. Having analyzed all the factors affecting the
movement speed and the obtained calculation
results, it can be concluded that this type of rolling
stock is expedient to be used on the railways of
Ukraine. This is due to the fact that in Ukraine
there are many curves of small radius that are
inappropriate and to some extent impossible to
increase.

4. Besides, due to more uniform maintenance
of high-speed train driving, it is possible to achieve
energy saving [4].

5. Putting into operation of the tilting rolling
stock on the Ukrainian railways will allow getting
the velocity gain of up to 30 % in the curve and up
to 10 % in the section (depending on the number of
curves). Increased speed of trains will considerably
strengthen the position of railways in the transport
system of Ukraine.
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BU3HAUYEHHS JONYCTUMOI HIBUAKOCTI PYXY MOI3J1A 3
NPUMYCOBHUM HAXHUJIOM KY30BA B KPUBUX JLJISTHKAX KOJIII

Merta. ['0JI0BHOIO METOIO CTATTi € BU3HAYCHHS IOITYCTHMOI IIBUIKOCTI PyXy MOI37a HA THEBMAaTUIHOMY IIi/IBi-
IIyBaHHI 3 MPIMYCOBAM HAXWJIOM Ky30Ba B KPHUBiil OUISHII KOJii Ta OOTpYHTYBaHHS JOIUIFHOCTI eKCILTyaTarii Ja-
HOTO THITy PyXOMOTO CKIIQJy Ha 3ali3HUIIX YKpaiau. L{e HeoOXigHOo ays 301MbIIeHHS MBUIKOCTI PYXY, ITiIBUIICH-
Hs KoM(OpTy Maca)XupiB Ta €KOHOMIi €eHEpPropecypciB 3a paxXyHOK OLTBII PIBHOMIPHOTO MIBHAKICHOTO PEXHMY Be-
neHHs noizna. Meroanka. BusHaueHHS MaKCHMabHOI JOITyCTUMOI IIBUAKOCTI PyXy MOi3a B KPUBIH 3 MPUMYCO-
BMM HaXWJIOM Ky30Ba Iepe0adae 3acTOCYBaHHS METOIIB JiHIHHOI, BEKTOPHOI alreOpH Ta eMITipHIHIX (HOPMYIT I
NPUKIIaIHAX HAYKOBO-TEXHIYHMX JOCIIKEHb. B OCHOBI po3paxyHKy MaKCHMAJIbHOI IIBUIIKOCTI PyXy 3aKiaJeHuH
NPUHIMI PO3PaxyHKY BiALIEHTPOBOI CHJIM JUISl IIBUAKOCTEH PyXy, SIKi BIANOBIJAIOTH KPUTEPIsIM Oe3MeKu pyxy 1o
TOPU30HTAIILHOMY He3aralieHoMy NPUCKOPEHHIO B KpHBIH cTajoro paxiyca. Pesyabratn. OTpumaHni po3paxyHKd
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EKCIUIYATALLA TA PEMOHT 3ACOBIB TPAHCIIOPTY

MOKa3aiy, 0 B KpUBiH aAuaHII Komil pagiycom 1 000 M, 3a ymMmoBH KoMdopTaOenbHOCTI MMacakupiB, MaKCUMalbHa
JIOIyCTHMa IIBUAKICTh PyXy Noi3ga 0e3 MpuMycOBOIO HaXMily Ky30Ba ckiagae 132 kM/roa, a 3 IpUMYCOBUM HaxXH-
J0M Ky3oBa — 189 km/ron. IIpupict mBuaKOCTI B KpuBiii gopiBHIOE Oim3bko 30 %, ta no 10 % — Ha ginsgHOi (B 3a-
JISKHOCTI BiJl KimbKOCTi KpuBrX). HaykoBa HOBM3HA. ABTOpaMH YIOCKOHAJICHO METOJ BHU3HAYEHHS IOIYCTHUMOI
MIBUIKOCTI MMO137a 3 IPUMYCOBHM HaXIJIOM Ky30Ba B KpHBiil. BiH monsrae y BU3Ha4eHHi JOMYyCTUMOI BiIICHTPOBOI
CHIIM, fKa Ji€ Ha TMOi3[ y KpUBIH cTamoro pajiyca 3 ypaxyBaHHA yMOB KoM(opTaOerdbHOCTI MacakHpis.
IIpakTHyHAa 3HAYMMIicTh. [laHui MeTOx JO3BOJIAE JOCUTh TOYHO BU3HAYHUTH JOIyCTHMY IIBHIKICTH PYXY (3a yMoO-
BU KOM(OPTAOETHHOCTI MacaXupiB) y KPUBIH AUISHII Ta HEOOXiTHIHM JOJATKOBUH KyT HAXWIy HOi3/1a B 3aJI€KHOCTI
BiJI MIBUAKOCTI, pajiyca KpHBOi Ta MiJBHUIICHHS 30BHINIHBOI peiiku. 30LIbIICHHS IIBUAKOCTI pyXy Ta KoM(popTy
MacaXUPChKUX MOI3IB Y MalOyTHROMY MpU3BEAE A0 30UIBLICHHS MOMUTY Ha MOCIYTH 3aJi3HUYHOTO TPAHCIIOPTY
cepell HacelIeHHs Ta 3MILHEHHS MO3MILIH 3aJi3HUYHOTO TPAHCIIOPTY B TPAHCIIOPTHIN cucTeMi YKpaiHH.

Kniouo6i cnoséa: BUCOKOIIBUIKICHUM TPaHCHOPT; PyXOMHUI CKJIaJ; CUCTeMa HaXWIy Ky30Ba; BiALIEHTPOBA CHIIA;
piBHOIIOYA CHIIA; pajiiyc KPUBOT; MiABUILIEHHS 30BHIIIHBOT pEHKH
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OIIPEJIEJIEHUE JIOITYCTUMOM CKOPOCTH ABUKXEHUS MTOE3IA
C ITPUHY AUTEJBHBIM HAKJIOHOM KY30BA B KPUBbIX
YYACTKAX IIYTHU

Ieuanb. ['1aBHO LENbIO CTATHU SIBIISIETCS ONPEAECICHNUE TOIYCTUMOM CKOPOCTH ABMXKEHUS 110€3/1a Ha THEBMATH-
YEeCKOH MOABECKE C NMPHUHYAWTEIbHBIM HAKJIOHOM Ky30Ba B KPUBOM YYacTKE IIyTH M 0OOCHOBaHHE II€JIeCO00pa3HO-
CTH 3KCIUTyaTallly JJaHHOTO THIIA MOJBIKHOTO COCTaBa Ha KEJIE3HBIX JIOpOrax YKpauHbI IJIs1 yBEITHUCHUS CKOPOCTH
JBIYKEHHMS, TOBBIIICHNS KOM(OPTa NaCCAKUPOB U SKOHOMHHU SHEPTOPECYPCOB 3a cyeT 6ojiee paBHOMEPHOI'O CKOPO-
CTHOTO peKuMa BeJeHus noe3na. Meroauka. OnpesneneHre MakKCUMalIbHON JOIYCTUMON CKOPOCTH JBYMIKCHUS IO-
€3/1a B KpUBOH C NIPUHYJUTEIIHBIM HAKJIOHOM KY30Ba IIPEJyCMaTpPUBAcT IPUMEHEHUE METO/A0B JINHEHHOU, BEKTOP-
HOM anreOpbl ¥ SMIUPHYECKUX (GOPMYJ AJIsl IPUKIAJHBIX HayYHO-TEXHHYECKHUX MCCieaoBanuil. B ocHoBe pacuera
MaKCHMaJIbHOM CKOPOCTH JIBMIKCHUSI 3aJI0KEH IPHHIMIT pacdyeTa HeHTPOOSKHON CHIIBI JUIsi CKOPOCTEH JIBMXKEHUS,
KOTOpBIE COOTBETCTBYIOT KPUTEPHUSIM OE30MaCHOCTH JIBMXKECHUS 110 TOPH30HTAIEHOMY HENOTYIIEHHOMY YCKOPEHHUIO
B KPHUBOU MOCTOSIHHOTO paguyca. Pesyabrartsel. [lomyueHHble pacyeTsl MoKas3alu, 4YTO B KPUBOM y4acTKe ITyTH pa-
quycoM 1 000 M, mpu ycioBur KoM(opTadeIbHOCTH TacCaXUPOB, MAKCUMAJIbHAsL JOMYCTHMAasi CKOPOCTh JIBMKEHUS
noe3za 0e3 MPUHYIUTENFHOTO HAaKJIOHA Ky30Ba cocTaBisieT 132 KM/4, a ¢ MPUHYAWTEIbHBIM HaKJIOHOM Ky30Ba —
189 xm/4. IIpupocTt ckopocTH B KpHuBOi cocTaisieT okoio 30 %, u 1o 10 % — Ha ygacTke (B 3aBHCUMOCTH OT KOJIH-
yecTBa KpuBbIX). HayuyHasi HOBH3HA. YCOBEPIICHCTBOBAaH METOJ OMPEAEIEHHs IOMyCTUMOM CKOPOCTH IO€37a
C NPUHYANUTEIBHBIM HAaKJIOHOM Ky30Ba B KPUBOH, KOTOPBII 3aK/IIOYAETCS B ONPEAEIECHUH JOMYCTUMON LEHTPOOEXK-
HOW CHJIBI, IEMCTBYIOMIEH Ha MOE3/ B KPUBOU ITOCTOSHHOTO pajnyca ¢ YIeTOM yCJIOBUH KOM(pOPTaOeIbHOCTH Tac-
caxupoB. IlpakTHyeckass 3HAYUMOCTb. J[aHHBIM METOJ MO3BONIAET NOCTATOYHO TOYHO ONPEACTUTh JOIyCTUMYIO
CKOPOCTh JBIDKCHHS (IO YCIOBHIO KOM(OPTAOETHHOCTH MACCAKUPOB) B KPUBOI M HEOOXOAUMBIH JTOMOJHUTEIBHBIH
YToJI HakJIOHa oe3/1a B 3aBUCUMOCTH OT CKOPOCTH, paJnyca KpPHUBOI M BO3BBILICHUS HApY)KHOTO peibca. YBelnde-
HHUE CKOPOCTH JIBH)KEHHSI U KOM(OpTa MaccaknpcKux 1Moe310B B Oy/IyIieM NpHUBEIET K YBEJIMUYSHUIO CIpoca Ha yc-
JIyTH KEJIe3HOJOPO’KHOIO TPaHCIOpTa CPedu HACENCHHMS U YKPENUT MO3UIMU SKEIE3HOAOPOXKHOIO TpaHCIOpTa
B TPAHCIOPTHOM cUCTeME YKpauHBIL.

Kniouesvie cnosa: BHICOKOCKOPOCTHOM TPaHCIIOPT; HOABIKHOW COCTaB; CUCTEMa HAaKJIOHA Ky30Ba; IIEHTPOOEXK-
Hasl CUJIa; PaBHOAENCTBYIONIAs CUJIA; PAIyC KPUBOM; BO3BBILIEHUS HAPYKHOTO penbca
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PO IMOBEPXHEBE PYMHYBAHHS 'OJIOBOK
3AJIIBHUYHUX PEMOK

Meta. YTBOpPEeHHS TPIIIMHOMOAIOHKUX Ne(EKTIB y peiikax 3ai3HUYHOI KOJIII € Cepilo3HOI0 MPOOIEMOIO IS iH-
JKEHEPHOI NIPAaKTHKH Yepe3 HeOe3NeKy CTBOPEHHS aBapiiHUX cuTyaniil. MeToro 11i€i poOOTH € TeopeTHYHE BCTaHOB-
JICHHSI XapaKTepUCTHYHOTO KyTa MOUIMPEHHs MOBEPXHEBUX TPILIMH Y TOJOBKAX 3aJII3HUYHHUX PEHOK, SIKHH € ToJIo-
BHUM (hakTOpoM y ()OpMyBaHHI THITIOBHX ITOBEPXHEBUX KOHTAKTHO-BTOMHHUX IOIIKO/DKEHb, TAKHUX K «ITITHHI», «PH-
CKI», «HOpa» Tomo. HeoOXixHO TakokK 3HAWTH YMOBH JUIsl BU3HAYEHHS 1IbOT0O KyTa. MeToauka. JlociimKeHHs npo-
BOJMJIM HA OCHOBI METOJy CHHTYJSIDHHX IHTErpajbHUX piBHSAHB. [IOIIKODKEHY IOBEPXHEBOIO TPILIMHOKI PEHKY
MOZEIIOBAJIH SIK IIBIUIOLIMHY 3 KpaiOBUM PO3pi3oM, a JIifo Kojeca Ha pelKy — K OIHOCIIPSIMOBAaHE HOBTOPHE II0-
CTyNaJIbHE TIePEMILIeHHs Y3J0BX Kpalo MiBIUIOIIHMHYN 3 TePLiBCEKUMHI KOHTAaKTHUMH 3YCHIUIAMH, 3 JOTUYHOIO CKJIa-
JIOBOI0. 3aj1auy BU3HA4YEHHS KOe(ili€HTIB IHTEHCMBHOCTI HANPY)KeHb OJIM3bKO BEPIIMHU TPILIMHU B TOJIOBLII PEHKH 3Be-
JIM JIO CHCTEMH JIBOX JIHCHHUX CHHTYJISIPHUX IHTEIPajibHUX PIBHSIHb, SIKi PO3B’SI3aJIM YUCEIILHO — METOJIOM MEXaHIYHUX
kBaaparyp [ayca-UeOumona. CKIaaHicTh 3a1a4i MOJSrae B TOMY, 10 MEXi JiISHOK KOHTAKTY i PO3KPUTTS Oeperin
TPILLMHY Hallepe/l HEeBiJIOMi Ta 3MIHIOIOTBCS i/ Yac MepeMillleHHs] KOHTaKTHUX 3ycuiib. Lli Mexi BU3Ha4aiIu OHO-
YacHO 3 PO3B’SI3aHHSAM IHTETPAIBHUX PIBHSAHb 3aJadi 3a JIOJaTKOBMMH YMOBaMHM METOJOM iTepamii.
PesyabraTu. TeopeTnyHo BcTaHOBIICHA HAasABHICTD y TOJIOBII PEHKN XapaKTEpPUCTUYHOTO KyTa ITOIIMPEHHS TIOBEpX-
HEBHX TPIIIMH 32 MEXaHI3MOM IOIIEPEYHOTO 3CYBY Ta 3allMCaHi YMOBH Ul Horo Bu3HaueHHs. OTpUMaHi pe3ysbTaTu
J00pe y3roJUKYIOThCs 3 IHKEHEPHUMH Ta eKCIIepUMEHTANbHUME JaHnMH. HaykoBa HoBHM3HA. Briepiie TeopeTHUHO
3HaHJCHO BEIMYMHU XapaKTEPHUCTUIHOTO KyTa, ITiJ{ SIKMM Ha MMOYATKOBIM CTaIil MOIIMPIOIOTHECS 3CYBHI MIOBEPXHEBI
KOHTAKTHO-BTOMHI TPIIIMHU B TOJIOBII 3alli3HUYHOI peyku Bix il Komic. Takoxk 3amrcaHO YMOBH JUIS BU3HAYCHHS
poro kyta. IlpakTuyna 3HauMMicTb. OTprMaHi JaHi MAlOTh BaXIIMBE 3HAUCHHS U IH)KEHEPHOI MPAKTUKH, OCKi-
JIBKU BHUABIISIOTH MPHUPOAY MMOBEPXHEBUX KOHTAKTHO-BTOMHUX JIe(EKTIB PEHOK 3a Pi3HUX yMOB €KCILTyaTallii 3aii3-
HUYHOI KOJIi Ta TO3BOJISIIOTH MPOTHO3YBATH 1X KOHTAKTHY MIIHITE 1 TOBTOBIYHICTb.

Kniouosi cnosa: 3anizHndHa peiika; repiiiBCbKe HaBaHTAXXECHHS; TEPTS; 3CYyBHA TPIMINHA; KOS(IIiEHTH iHTEHCHB-
HOCTI Halpy>keHb; XapaKTEePUCTUYHUN KyT

Beryn

ITix gac excruryaTamii TEXHIYHOI MAPH «KOJIECO-
pefika» TIOBEpPXHI KOUYEHHS 3alli3HUYHHUX PEHOK
4acTO MOIIKO/DKYIOThCS TPIIIMHOIOAIOHUMU Jie-
¢dexramu (puc. 1). [Ipu upomy, sIK MOKa3zye iHxKe-
HepHa MPAaKTHKa, HA TIOYAaTKOBIH cTajil cBOro pos-
BUTKY ITOBEPXHEBI MAaKpPOTPILIMHU y TOJOBII pei-
KM 37cOLIbII MOMMUPIOIOTECS MmiJ KyToM 10°—40°

[5, 11, 13, 16] y HanpsIMKy niepeMillleHHS pyXOMO-
ro ckmaay. A mpu QopmyBaHHI AedexTy THITy
«HOpay (muB. puc. 1, 6), KpiM J1iBOi MaricTpaabHOL
BITKHM, MiJ MaJM KyTOM JIO TOBEPXHI KOYCHHS
13 TOrO X CaMOro MicClsl JOAATKOBO PO3BHBAETHCS
mie i fioro mpasa BiTka. ToMy Ui OIiHIOBaHHS KO-
HTAKTHOI MIIHOCTI Ta JOBIOBIYHOCTI IIOIIKOJKE-
HOI PEHKM BaXXJIIMBO BHU3HAYUTH I HAIPY>KEHO-
nedopMoBaHHUN CTaH a00 X Koe(illi€eHTH iHTEHCH-
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BHOCTI HampyxkeHb (KIH) y BepmmuHax TpimuH —
MICIIIX BUHUKHEHHS HaWOUIBIIOl KOHICHTpAIlil
HANpy>XeHb 1 OJHOYACHO MICIX IOAAJBIIOTO
pyHHYBaHHs MaTepiany.

Hanpsawm pyxy
—

Puc. 1. TunoBi KOHTaKTHO-BTOMHI ITOBEPXHEBI

MTOLIKOJKCHHS B TOJIOBIII PEUKH:
a — nitunr [15],

6 — «Hopay [12], 6 — «puckn» [10]

Fig. 1. Typical contact-fatigue surface
damage in the rail head:

a — pitting [15],

b — «squat» [12], ¢ — «checks» [10]

AKTyaJbHICTh pOOOTH TIONATaE B TOMY, IO Ha
ChOTOAHI Ha YKpaiHChKuX 3aii3HHLAX 10 50 %
BUTAJKIB MPUYUHOK 3aMiHM PEHOK € TPIIIHMHOIO-
niOHI 1edeKTH B TOJIOBIN, AKi (POPMYIOTHCS M-
XOM BUKpPUIIYBaHHS Ta BiAIIAPYBaHHS MeETaly
3 TIOBEPXHI KOUEHHS rojoBku peiiku [1]. lomamo
TaKoX, IO B poOOTi [4] BUABICHO BEIMKY BipOTilI-
HICTb yTBOpEHHsSI TakuX JAe(eKTiB KOHTaKTHO-
BTOMHOT'O TIOXO/IKCHHSI.

Jnst MonenoBaHHA KOHTAaKTHOI B3aeMOmii Ko-
jeca 3 peKoI0 4acTO BUKOPHCTOBYIOTH ABOBUMIp-
HY MOJIEJIbHY cXxeMy, 3amponoHoBany JI. M. Kipom
i M. JI. Bpaitaatom [9], Komu TOMIKOKEHE TPilIn-
HOIO TIJIO MOJEIIOIOTH IPYXKHOIO ITiBILIONTHHOO
3 KpallOBHM pO3pi30M, a JIit0 KOHTPTiJIa — OJIHOHA-
OpSAMJIEHUM MEpEMIIEHHAM TepLiBCbKOro (eim-
TUYHOTO) THUCKY B3HOBX Kpar0 MiBIUIOMINUHH
3 BpaxyBaHHSIM CHJIM TEPTS MK KOJIECOM 1 peid-
Koto. Y pobotax [3, 6, 8, 13] 3pobiieHo orusiy Ji-
Teparypu npo BusHaueHHs1 KIH y BeprwmHi Tpirmm-
HU 3a Takoro mimxoxy. [lomiOHy MOIenbpHY cxemy
3aCTOCYBalIM 1 B JaHili poOOTi, a JJIsi OTpUMaHHS
YHUCIOBUX PE3YJIbTATiB BUKOPUCTAIM METOJ CHH-
TyJIIpHUX iHTerpanbHuX piBHIHE (CIP) [2].

Merta

MeTor0 CTaTTi € AOCHIIKSHHS BILTUBY PyXOMO-
ro KOHTAaKTHOI'O0 HaBaHTa)XKEHHS Bix mil KOJic Ha
MMOBEPXHEB1 TPIIIMHU B TOJOBKAX 3AII3HHYHUX pe-
HOK, 30KpeMa, BHSBJICHHsS Opi€HTaIii KpaHoBUX
TPIMH, HAUCTPUATIMBIIIUX sl iX PO3BHTKY
B 30HI CTHCKY, & TAaKOX MPOTHO3YBaHHS 1X MOBEIi-
HKH.

MeTtoauka

3aMiCTh MOLIKO)KEHOI MOBEPXHEBUM TPIilllH-
HOMOAIOHUM nedeKToM 3aNi3HHYHOI PEHKH Y JBO-
BUMIpHOMY (OpMyBaHHI pO3MIIAIAEMO MPYXKHY
MiBIUIOIIMHY 3 KPaiilOBOIO MPSIMOMiIHIHHOIO TOBIJTb-
HO Opi€HTOBaHOO TpimuHOKW (puc. 2). IliBmromu-
HY BIZIHOCMMO 1O cUCTeMH KoopauHat xOy, BiCb
Ox s1K01 30iraeThCs 3 KpaeM MIBILIOMIMHY, a IMova-
ToKk O — 3 rupiaoM TpimmHu. Camy TpillMHY Big-
HOCUMO [0 JIOKaJIbHOI cucTeMu KoopiauHar x,0,y,
3 IOYaTKoM y rupii. KOHTakTHUH THCK KoJjeca Ha
peiiKy MOAETI0EMO OZHOHAIPSMIIEHUM MTOBTOPHUM
MOCTYNAJIBHUM TIEPEMIIIEHHIM Y3I0BX Kparo IiB-
IJIOIMUHU (CIpaBa HaJIiBO) TEPIIIBCBKUX KOHTAKT-
HUX 3yCHJIb 3 IOTHYHOIO CKIIA/IOBOIO:

s(x) =—(1+)p(x) =

=—p0(1+ifs)w/a2 —(x—x0)2 /a, |x—x0| <a (1)

ne f, — Koe(ilieHT TepTs NPOKOB3YyBaHHS MIX
TUIAMHM KOYCHHS, p, — MaKCHMaJlbHE 3HA4YEHHS

KOHTaKTHOTO TUCKY, 2a — JIOBXKHHA JTUISHKUA KOH-
TakTy. Po3TanyBaHHs JiISTHKH KOHTAKTY BiJJHOCHO
rupia TpIMHU BU3HA4Ya€ mnapamerp A=x,/a,
BIIHOCHY JOBXXHMHY TPIIIMHU — TlapameTp €=1[/a,
a 11 opieHTaIio — KyT f3.

¥ X, plx

),
Jp(x)

Puc. 2. Cxema rojoBKu peiiku 3 KpaioBOIO TPIIIMHOIO
IIiT Ti€0 MOJICTBHOTO KOHTAKTHOTO HABAHTAXKECHHS:
D — HanpsiM pyXy KOHTaKTHOTO HaBAHTaXKECHHS

Fig. 2. Scheme of rail head with an edge crack under
action of model contact load:
D — direction of contact load motion
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KpaiioBi ymoBH 3amadi Ha MeXi HiBILIOMIUHA
MAaTUMYTb BUTJIAA!

s(x), |x - x0| <a

o, (x,0)—it_(x,0)=

w 0 2

|x—x0|>a

Bepernm TpimmHM 3a TEBHHX pO3TALIyBaHb
TepIiBCHKOTO HAaBAaHTAXCHHS (MEBHUX A ) MOXYTb
KOHTaKTyBaTH. Hykue po3risiHyTO 3araibHUN BU-
NaJoK yMOB iX KOHTakKTy, a came: MPOKOB3yBaHHS
3 TEPTAM Ta MOXKIIMBICTIO 3amieMyieHHsS abo po3-
kputTs. Toni rpaHudYHi YMOBH 3afadi Ha Oeperax
TPIIHA Oy Ty Th TAKAMHU:

Ni(xl)+iTi(xl)=0, xleLop; 3)
vi(x)-v (x)=0,
T* (%)= £, sign[ T* (%) ]|N* ()

ut (x)—u (x)+ilv (x)=v (x)]=0, x,eL,; (6)

xely; (@)

, x,€Ly; (5)

N (x)=N"(x)+i[T"(x)-T"(x)]1=0, x, eL,.(7)

[Ipu upoMy Ha OiNAHKax 3alieMiIeHHsS Oeperis
TPIIIMHA BUKOHYETHCSI yMOBa

T (x) < /2

N*(x, )‘, xeL,. ®)

TyT koHTYp L TpsMONiHIHHOI TPIIIUHKA CKJia-
HAEThCS 3 CYKYNHOCTI AULIHOK L,,, Ha SKUX Tpi-

IIMHA BIIKPUTA, IUISHOK L, HA AKuX Oeperu Tpi-

IIUHYA TPOKOB3YIOTh, Ta AUITHOK L

st >

Jie BOHU 3a-
memieHi. Yepes f, Mo3HaueHO KOe(illieHT TepTs
Mixk Oeperamu Tpimmau, ayepes N i T, v i u —
BiJIIOBIIHO HOPMAJIbHI 1 IOTUYHI CKJIAJ0BI 3yCHJIb
Ha Oeperax TpIIIMHM Ta TepeMilleHb ii OeperiB
y JOKajbHii cuctemi koopamHat x,0,y,. BepxHi

IHACKCH «1» a00 «—» 03HAYAIOTh IPAHUYHI 3HAYCH-
HSl BEJIMYMH 3a HAOJIDKCHHS 3BepXy abo 3HHU3Y [0
KOHTYPY TPIillIMHH BiATIOBIIHO.

3ajady 3BOJMMO JIO PO3B’SI3YyBaHHSA CHCTEMH
neox pidcanx CIP BiHOCHO HEBIJIOMHX CTPUOKIB
MOXIJHUX B HOPMAJNBHUX 1 JOTHYHHUX 3MiIllleHb
[2]. CucreMy nuX piBHSAHD PO3B’SI3yEMO YHCIOBUM
METONOM  MexXaHiuHumx  KBaaparyp laycca-
YeOumioBa i Ha OCHOBI LILOTO PO3B’SI3KY 3a BiJO-
Moto ¢opmyoro 3Haxoaumo KIH K, i K, y Be-

PIIUHI TPILMHH.

CKIamHICTh 3a/adi MOJITaE B TOMY, IO MEXi
IUITHOK KOHTAaKTy 1 PO3KPHUTTS OeperiB TpilIMHH
Hamepesl HEBiZOMi. IX BM3HAYaEMO OJHOYACHO
3 pO3B’SI3yBaHHIM IHTETpaJbHHUX DIBHIHB 3a1adi
3 JOJATKOBHX yYMOB PIBHOCTI HYJIIO HOPMaIbHUX
KOHTAaKTHUX HampyXeHb Yy TpaHUYHUX TOYKaX,
a TpaHMLi 30H 3aIIEMJICHHS 1 MPOKOB3yBaHHS ca-
MHUX JIUISHOK KOHTaKTy BCTAHOBIIIOEMO Ha OCHOBI
JI0AaTKOBOi YMOBH (8).

BBakaemo [3], w0 B 3arajJbHOMY BUNAIKy IIiJ
9Yac TEPEeMILICHHS KOHTAKTHOTO HaBaHTa)KEHHS
(komic MO peHIi) MOBEpXHEBI TPIIIUHH MOXYTb
PO3BHBATHCA SIK 332 3CYBHHM, TaK i 3a PO3PUBHUM
MeXaHi3MaMH, a came: B 30HI CTHCKyBaHHS M-
XOM HOIEPEeYHOro 3CyBY, a B IHIIUX yMOBax — 37e-
O1TBII HOPMAJILHUM PO3PUBOM. B yMOBax KOHTak-
THOI BTOMHM KOYEHHS 3POCTAaHHS  TPIIMHH
3a 3CYBHUM 1 PO3PUBHUM MEXaHi3MaMH KOHTPOJIIO-
erbest KIH Mitmanoro tumy, siki ONMCYIOTBCS TaKH-
MH CITIBB1IHOIIEHHIMU:

Ky = cos (8" /2) K, sin@" + K, (3eos0’ ~1)] /2:(9)

Ky =cos’(07/2) K, -3K, tg(67/2)]. (10)

. . *
KyT mouatkoBoro BiaxuieHHsS TpimuHU 6 3a
PYHHYBaHHS 3CyBOM BHU3HAYAa€ThCS 3 PIBHAHHS

2K, tg’ (0" /2)- 2K, tg*(0"/2)—

— 7K, tg(0/2)+K, =0, (11)

a B pa3i pydHyBaHHS PO3PUBOM — 32 (OPMYIIO0

0 = Zarctg[(KI _JK 8K )/(41{11)} L (12)

Komu x B ymoBax cruckyBanus K, =0, 1o

srigHo 3 (11) TpimmHa PO3BUBATUMETHCS 33 3CYB-
HUM MEXaHI3MOM Y3IIOBXK CBOTO MPOAOBXKEHHS

(6" =0).
UYmncsioBi pe3yJbTaTH Ta iX 00roBoOpeHHs

OTtpumano yucioBi po3B’s3ku (3HaueHHst KIH)
CHHTYJISIPHUX IHTETrpalbHUX PIBHSIHb KOHTAKTHOI
3amadi Teopii MPYKHOCTI JUTsl TIBIUTOIIWHA 3 Kpa-
HOBOIO TPINIMHOWO, Oepern sKO1 KOHTaKTYIOTh i
Yyac TMepeMillleHHS TepLiBChbKOr0 HaBaHTAKEHHS
(THCKY) B370BX TpaHuIi miBruiomman. [ToO6ymoBa-
HO 3ayexxHocTi po3maxy KIH B mukm KoHTakTy
AK,, (sxuil KOHTPOJIIOE PICT TPILIMH 33 MEXaHi3-
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MOM HOIEPEYHOro 3CyBY) Bix kKyta AK, B — opie-
HTalii KpaifoBOi TPILIMHU 3 ypaxyBaHHAM Koedilli-
€HTA TEPTS MIXK KOJIECOM 1 peiikoro f; , koedilieH-
Ta TepTs MiXk Oeperamu TPIIIMHU f, Ta BiAHOCHOI
noBXuHU TpimmHu € =1[/a (puc. 3, 4). Pozpaxysn-
KW 3I1HCHIOBAJIN I KPaoOBOi JOBUIBHO OpPi€HTO-
BaHOI TPIIIMHU 3 BIJJTHOCHUMH JIOBXKUHAMHU
€=0,1; 0,3; 0,5, xyT opieHTatii  sKoi 3MiHIOBAIH
Bix 5 °C mo 175 °C. 3HaueHHS eKcILTyaTalliitHIX
napameTpiB Uil CUCTEMH «KOJIECO-perikay o0paiu
Taki: KoeQilieHT TepTs MPOKOB3YBaHHs B KOHTAKTi
koueHHs f, =0;0,1;0,3 Ta xoedilieHT TepTd MixK
Oeperamu TPITIIHT B pewrti
£f.=0;0,1;0,3;0,5;0,7.

Hocnimxennas po3maxy KIH AK, nposenu 3a
(ikcoBaHOTO KOE(QIiIlieHTa TEPTI MK KOJIECOM
1 peiikoro f, =0,1 1 pi3sHUX BIIHOCHHX JOBKHH
TpimwHU € =//a (puc. 3), a TAKOXK, KO 3adiKco-
BaHO BIJIHOCHY JOBXHHY Tpimuuu €=0,3 — mus

/s

pi3HUX KOeQIlieHTIB TepTs MK KOJIECOM
1 petikoro (puc. 4).

CrinbHOI BIACTUBICTIO AJIST KpUBUX Ha rpadi-
Kax (nuB. puc. 3, 4) € HAABHICTb BOX MaKCUMyMiB
AK, 3a kytiB B=pB; i B=B;, sKki BiAnOBigAIOTH
HAMCIIPUSATIMBIIIMM OPIEHTAILIAM JIsi POCTY 3CYB-
HOI TpillMHH, sKa HaxuieHa abo B OIK HamNpsIMKY
pyxy koneca (konu Kyt B =[5> /2 — monoruii),
a0o0 X y HampsAMi, OJTU3EKOMY JI0 TIEpIIEHAUKYJISp-
Horo (komu KyT B =, < n/2). Sk BuaHo 3 puc. 3, 3i
30UTBIIICHASM ~ BITHOCHOI  JOBKMHH  TPIIIHHH
€ (0 <& <0,5) 3nayeHns 0060x mMakcuMyMiB AK

3011BIIYI0TECSI. OYEBUIHO, IO MPH MOJATBIIOMY
30UTBITICHA] BEMWYWHN € HACTYNHUTh TaKUH MO-

MEHT, KOIH 1 |K 11| 1 makcumymu AK, OynyTh
3MEHIIYBATUCS, OCKIJIbKM BEPIIMHA TPILIMHHU BiJ-
JAISTUMETHCS BiJl MEXKi MiBILIONUHY, JIe Ji€ rep-
1iBChbKe HaBaHTaxeHHs. OOuaBa MakcuMymu AK ),

CYTTEBO 30UIBIIYIOTHCS TAKOXK 31 301IbIICHHSIM
koe(ilieHTa TepTs f, B KOHTaKTI KOYEHHs ([IHB.
puc. 4). 3okpema s kyra B=f, npu ¢ = 0,3 3i
301IbIIeHHAM Koe(ilieHTa TepTS f; Y KOHTaKTi KO-
uenns Bix 0,1 g0 0,3 Benmmunna AK ,(B5) 3pocrae
B 2,5 pasu i f, =0,3 1B 2,6 pasu qa1 f. =0,5.
Ile BaXJIMBO 3HATH, OCKIIBKH BimoMo [3], 1m0 Koe-

¢itienT £, =0,1
MIXK KOJiecOM 1 pelikol 3a BOJIOrOi IMOrOJH,
a f, = 0,3 —3a cyxoi norogu. OTxe, 3MiHa OToJ-

TepTS BIJINIOBIIA€  TEPTIO

HUX YMOB CYTTEBO 3MIHIOE BEIMYUHY pPO3Maxy
AK,, nns moBepXHEBUX TPILIMH y peiKax.

AF, |
[ 1 = 0,1
o @ e
0,06
0.04 /\x
002 ﬁf{//; \
0 0,7 P
AF, =
0,16 =03
0,12 , —
0,08 55 \\//
- “ I :
0 B~ RS B
AF —T—
" @ /\ £ =0.1
0,24 ] \ =05
£=01"
0,16
/ /’{'0.3 ; \A
05
o A RN
/ 0,7 | — N
0 }/ \//B

0" 20" 40" 60° 80" 100° 120" 140" 160" [3

Puc. 3. 3anexxHicTsh HOpMOBaHOTO po3Maxy KIH
AFy = AKy /(py~Nma) Bin KyTa [ opieHTaLil TPilUHU
JUIsl pi3HUX 11 BITHOCHUX JOBXHH € =//a, f; = 0,1:
a-¢=0,1;6-¢=03;6—€=0,5
Fig. 3. Dependence of normalized range of SIF
AF = AKy /(pyNma) on angle B of crack orientation
for various relative lengths € =l/a, f;=0,1:
a-¢=0,1;b—-¢=03;c-€=0,5
3anexunocti AK; (B, f; f.,€) Ha puc. 3 i 4 cBi-

JuaTh, IO CyTTEBUH BILIMB Ha BenuuuHy AK, Mae
TaKoX KOe(ilieHT TepTs f, MiX KOHTAKTYyIOUHMH
OeperaMu TPIMWHM: 31 30UTBIICHHIM TEPTI MiX
O6eperamu AK, 3HayHO 3MEHIIYIOThCA. Tak, Ha-
MIPUKIIA]], SKIIO MOPIBHIOBATH 3HAYCHHS MaKCHUMY-
MiB AK,, mpu koediuienti Teprs f, = 0,1 3 Big-
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KOJIn

f. = 05
(nuB. puc. 4, 6; f,=0,11 ¢ =0,3) o1 060X KyTiB

MOBITHAMH  3HAYCHHSIMH,
* . *

B=pB, 1 B=P,, To 6auumo, 10 TaKe MOCUICHHS

TepTs BUKIMKae 3menuenas AK, (By) B 2,7 pasm,

a AK,(B;) B 2,2 pasu. TakuM YHHOM, IPOTHO3Y-

BaHHsI eKCIUTyaTalifHOTO pecypey (ZOBrOBIYHOCTI)
peiiku 0e3 ypaxyBaHHsI HAsSBHOTO TepTs MiXK Oepe-
raMH TPIIIUHA MOXe OYTH MOMUIIKOBUM [3].

‘ﬁFII
0,20
0.15
0.10
0,05
0
A‘L.II
0.16
0,12 ,
0,08 03..\
L LT
0,04 %/\-___ !
B~ 05" M{
0 i dl
a;:‘,, (&) A’\ =03 L
0.24 /"-IL- =01 e=03
016 ,?_{\ //\
/"0,5 \ R
0,08 ! | // .
B \J B

0
0° 20° 40° 60° 80 100° 120° 140° 160° 3
Puc. 4. 3anexxHicTsh HOpMOBaHOTO po3maxy KIH
AFy = AKy /(pyNma) Bin KyTa [ opieHTaLil TPiluHU
JUIS pi3HUX KOe]iLlieHTIB TepT f;
MiX KOJIECOM 1 pelikoro, € = l/a =0,3:
a-f,=0,0-f=0,1;6—f,=0,3

Fig. 4. Dependence of normalized range of SIF
AFy = AKy /(p Jra) on angle B of crack orientation
for various friction coefficient f; between wheel and rail,
e=0la=03:a-f,=0;b— /;=0,1;¢c—£=03

I, Ha kiHelpb, epelIeMO 10 TOJIOBHOTO ITHTaH-
HS MO BUSIBICHHS KyTa, HAUCIPUSATIMUBIIIOTO IS
MOIIMPEHHSI 3CYBHUX IMOBEPXHEBUX TPIIIUH B Io-
TOBIN peiiku. He myxe 3po3ymisio, skuMm Oyne 1ieit
kyr: B=P; un B=P;. Tak, 3i 36i1bLIEHHIM KOE-

¢iuieHTa TepTs f, 1 3MEHIIEHHSAM BiJHOCHOI JIOB-
KHHU € TPIIWHA PI3HHULSA MDK MaKCHMyMaMH

AK,(B;) i AK,(B5) cyrreBo 3MeHuyeThes. Ba-
JKIMBUM € 1 Te, WO KyT B, crabuibHimmii (Mano

3MIHIOETBCST), HIXK Bf [0 BIAHOIIEHHIO 10 3MIHH
JOBKHHU TPILIMHY, a TAaKOXK KoedilieHTa TepTs f,

MIK KOJIECOM Ta PEHKOIO.
Ha nepmwmit nornan BUrisiaae, 1o HalucupusT-
JHUBIIIMM KyTOM [OIIMPEHHS 3CYBHOI TPIlIMHU

€ KyT B = Bf . AJte AKImo 10 NUX JOCHIIKEHb I0Ia-
TKOBO TPOBECTH PO3PaXyHOK BEIMYMHUA max Kig,

SKUH KOHTPOJIIOE PICT TPIIIMHU 332 PO3PHUBHHUM Me-
XaHI3MOM, TO BUSIBJIETHCS, 10

max K, (B;) > max K,,(B;) (tabn. 1; f,=0,3;
€ = 0,5). Kpim TOrO, 3Ha4eHHA BEIMYMH Mmax
AK,,, O BiJNOBIAIOTh HAMCHPUSITIUBIIINM IS
MOUIMPEHHST TPIIMHU 33 3CYBHUM MEXaHi3MOM
HanpsiMkam (kytd B i ), HOpiBHIOBaIH 3 OPO-
TOBUMHU 3HAYCHHSIMH XapaKTEPUCTUK LUKIIYHOL
TPIIMHOCTIHKOCTI HA  TONEpEeYHHH  3CyB
Ky, =13,01 MIa+/m, a suaiineni 3uaueHHs

pO3puB)
K, =43 MITa~/m JUTSL peKOBHX cTauei [7].

max K;,, — 13 moporoBumu (Ha

Tabmums 1

IlopiBHSIHHA ABOX MeXaHi3MiB pyiiHyBaHHS 3a
KPUTHYHHUX KYTiB BZ (k =1, 2) opienrauii kpaiioBoi
Tpimunn; f;=0,3; £ =0,5; po= 1100 MIla; a = 7 mm
Table 1

Comparison of two mechanisms of destruction for

critical angles 3, (k =1, 2) of the orientation of the
edge crack; f, = 0,3; £ =0,5; pp= 1100 MPa;

a="7 mm
max AKy; ‘ max Kjg
f, k B*
, MITa VM

1 68° 55,45 9,30
0,1

2 152° 39,35 8,23

1 66° 41,87 9,35
0,3

2 160° 27,06 8,37

1 64° 28,62 9,41
0,5

2 162° 21,98 8,08
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Sk 6aunMo, TPIIMHMU, IO HAKOIMKYI 10 Bep-
TUKaNbHUX (OpieHTOBaHi mixm Kyramm =),

OUTBII CXWJIBHI PO3BUBATHCS 332 PO3PHBHHUM MeXa-
HI3MOM y TIOpiBHSHHI 3 MOJOTMMHU TpPiLIHHAMH

(B=B,) 32 nanux 3HaueHb mapamerTpis €, f., f,
1 p,y.

B=P, ~ 150°...160° € cupuATIMBILINM 1711 POCTY

Takum dYHHOM, HampsAM I KyTOM

3CYBHOI TPINTUHU y TOPIBHSAHHI 3 HAIPSIMOM IIif
kyrom B=f;. Jlomamo Takox, 10 OTPUMAaHi pe-
3yJIBTATH JOOPE Y3rOJUKYIOTHCS 3 IHKCHEPHUMU Ta

EKCIIEPUMEHTAIEHUMU JTaHUMH.
OTxe, 3 ypaxyBaHHSM OTPHUMAaHHX YHCIOBUX

JIaHMX 1 BUINECHABEIEHUX MIpPKyBaHb, KyT f=J;

BBaXXaTUMEMO XapaKTCPUCTUUHUM i IIPOINOHYEMO
BU3HaA4YaTU HGI\/'I KYyT, BUXOAYU 3 TAKUX YMOB!

a — .
apL K (Bl pon S )]y =0, K= 1,2:03)

AK (B; Ly pos fos JOZAK 5

maXKIG(BT:lapoaf:v)<maX K]G(BTaZaPOJf;); (15)
maXKle (BTJ,PO’J[.Y)>AK1,M, (16)

Lpy.f., 1 f. ¢ixcoBaHi.
AHasi3 TakuX KOHTAaKTHO-BTOMHHMX IIOIIKOJKEHb,
SK MITHHT (IUB. pUC. 1, @), iBa BITKa «HOPWY (IUB.
puc. 1, 6), «puckm» (auB. puc. 1, ) mokasye, o i
MIOLIKO/PKEHHSI ITOYMHAIOTHCS BJIACHE 13 KpailoBoi
TPIIIMHY, SKa HAXWICHA TiJ XapaKTePpUCTUIHIM
KyTOM.

(14)

Jie TmapameTpu

Crmin gomaTty, 10 Ui OKPEMOTO BHITAIKY KOe-
¢imieHTa TEPTS B KOHTAKTI MIX KOJIECOM 1 PeHKOI0
f. =0 xpuBa AK,(B) Mae me oauH I0AAaTKOBUIl

MaKCHMYM, a OTXKE, MAaEMO IIe OJIUH CIIPUATIUBUI
HampsM [JIs TOIIUPEHHS TPIIIWHU 3CYBOM, KOJHU

B = B;=15°-20° (puc. 4, a). Tyr BUCIOBUMO
HpUIyIIeHHs, mo 3a f, = 0 (Hampukmazx, Komu
KoJieca BaroHiB KOTATHCS 3a IHEPIIEID) CTBOPIO-

I0TBCSI YMOBH Ul BUHMKHEHHsI IIPaBOi BITKU IIO-
NIKOJPKEHHS THITY «HOpay» (auB. puc. 1, 0).

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYNMICTDL

Brepuie, Ha BimMiHy Bij iHmmMX poOiT, Ha Oc-
HOBI OTPHMaHUX 4YHCIIOBHX JaHUX TEOPETUYHO
BCTAHOBJICHO BEIIUYMHY XapaKTCPUCTHUYHOTO KYTa,
i SIKAM (OPMYIOTBCSI Ha TIOYaTKOBIH CTamii mmo-
BEPXHEBI KOHTAKTHO-BTOMHI TOIIKOJKCHHS B T'O-
JIOBIII 3aJIi3HWYHOI peliku Bix Aii komic. OTpumaHi
JIaHi TO3BOJISIFOTH MPOSICHUTH TPUPONY MOBEpXHE-
BUX MOIIKO/KEHb PEHOK 3a PI3HUX YMOB €KCILIya-
Tauii 3aai3HMYHOT KOJii.

BucnoBku

TeopeTHYHO BCTAaHOBJICHO HASBHICTH XapaKTe-
PUCTHYHOI'O KyTa IMOIIUPEHHS TOBEPXHEBUX TPi-
IIMH B TOJIOBI[ PEHKHU 32 MEXaHI3MOM IOIEPEYHO-
T'0 3CYBY 1 3allHCaHO YMOBH JUIsI HOTO BH3HAYCHHS.
Leit xyT € 6a30BUM y ¢opMyBaHHI THIIOBUX IOBE-
PXHEBUX KOHTAKTHO-BTOMHHX IOIIKO/KEHb, Ta-
KUX, K IIITHHT, KPUCKHY, JIiBa BITKa HOPW» TOIIO.
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O NIOBEPXHOCTHOM PA3PYIHIEHHUMU I'OJIOBOK
KEJE3HOAOPOKHbBIX PEJIbCOB

Hens. O6pa3oBaHue TPELUIMHONONOOHBIX Ne(EKTOB B Pelibcax KENe3HOAOPOKHOIO IyTH SBJLIETCS Cepbe3HOM
npoOIeMoi AJIsl MHKEHEPHON NMPAKTHKH M3-32 ONMACHOCTH CO3JaHuWsl aBapHiHBIX cuTyauuid. llenpto 3Toil paboTh
€CTh TEOPETHUECKOE YCTAaHOBJICHHE XapaKTEPUCTHUYECKOTO yIja pachpOCTpPaHEHHs MOBEPXHOCTHBIX TPELIUH B To-
JIOBKaX JKEJIE3HOJIOPOIKHBIX PEIILCOB, KOTOPBIH SBISIETCSI TIIABHBIM (PAaKTOPOM B ()OPMUPOBAHUM TUIIMIHBIX TIOBEpPX-
HOCTHBIX KOHTaKTHO-YCTaJIOCTHBIX MOBPEXKICHUH, TAKUX KaK «IIUTHHI», «9€PTOYKH», «HOpa» U T. 1. HeoOxonumo
TaK)Ke HAWTH YCIOBUS AN onpeseneHus atoro yrina. Meroauka. MccnenoBanus NpoBOAMIA HA OCHOBAHUU METOMA
CUHTYJISIPHBIX MHTETPaJIbHBIX ypaBHEHUH. [I0BpeXIEeHHBIN MOBEPXHOCTHON TPEIIMHON PENbC MOAETUPOBAIN Kak
MOJTYTIOCKOCTh C KPAaeBBIM pa3pe3oM, a ASHCTBHE KoJeca Ha PEeNbC — KaK OJHOHANPABICHHOE MOBTOPHOE MOCTyMa-
TEJIFHOE TIEPEMENICHNE BJIOTb Kpas MOJIYIUIOCKOCTH C TePIEBCKUMH KOHTAaKTHBIMH YCHIIMSAMH, C KacaTeIbHOH cO-
cTaBystoNMIed. 3anady onpeneneHus kKod()(UINEHTOB HHTEHCHBHOCTH HAINPSDKEHNWH BOJIM3M BEPLIMHBI TPEIIUHBI B TO-
JIOBKE pelibca CBEIM K CHCTEME JIBYX ACHCTBUTEIBHBIX CUHTYJIIPHBIX MHTErPAIbHBIX YPABHEHUH, KOTOPBIE PELIMIN
YHCJIEHHO — METOIOM MEXaHU4ecKHX kBaapatyp ['aycca-UebObimesa. Cl10KHOCTD 3aaull COCTOUT B TOM, YTO I'PaHU-
bl YYACTKOB KOHTAKTa M PacKpbITHs OEpPEeroB TPEIIMHBI 3apaHee HEM3BECTHBI U MEHSIOTCS. BO BPEMsI IIepeMEIeHNUS
MO/JIEJIbHBIX KOHTAKTHBIX YCUIHUNA. DTHU TpaHMIBl ONPEASIsUIN OAHOBPEMEHHO C PELICHUEM HHTErpalbHBIX ypaBHeE-
HU 337a4¥ TI0 JOTIOJIHUTEIBHBIM YCIOBUAM METOAO0M utepanuid. PesyabTaTsl. TeopeTnuecku ycTaHOBIEHO HaU-
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YHe B TOJOBKE pelibca XapaKTEePUCTUUECKOTO YIla paclpOCTPaHEHHs MOBEPXHOCTHBIX TPELIMH MO MEXaHU3MY IIO-
HEPEeYHOTr0 CIBHIA W 3alIMCAaHBl YCIOBHUS I €ro omperneneHus. [lodydeHHble pe3ysbTaTbl XOPOLIO COTIACYIOTCS
C MHXXKEHEPHBIMH M HKCIIepHMEHTAIbHBIMH JaHHBIMU. Hayunas HoBu3Ha. BriepBrle TeopeTnuecky HalaeHbl BeIH-
YHHBI XapaKTEPUCTUUECKOTO YIJIa, IO/ KOTOPHIM Ha Ha4aJbHOW CTAIMU PACIpPOCTPAHSIOTCS MOBEPXHOCTHBIE KOH-
TaKTHO-YCTaJIOCTHBIE TPELUHBI B TOJIOBKE JKEJIE3HOAOPOXKHOIO pelibca OT JIeUCTBUs Kosec. Takxke 3amucaHbl ycio-
BUS JUIsl onpesesieHus 3toro yria. Ilpakrudeckasi 3Ha4YuMOoCTh. [loiydeHHbIE JaHHBIE UMEIOT BaKHOE 3HAUCHHE
JUIS. MTH)KEHEPHOW MPAKTHKH, TIOCKOJIBKY BBISBIISIOT NMPHPOAY TTOBEPXHOCTHBIX KOHTAKTHO-YCTAIOCTHBIX AE(EKTOB
PENbCOB MPH PasHBIX YCIOBHSIX SKCIUTyaTallly >KEIE3HOJOPOXKHOTO IyTH M TO3BOJISIOT NPOTHO3WPOBATH UX KOH-
TaKTHYIO IPOYHOCTB M JIOJITOBEYHOCTb.

Kniouegvie cnoea: xene3HONOPOKHBIN PEIbC; TepLEBCKas HarpysKa; TpEeHHe; CIBUroBasi TpeuiuHa; koaddum-
€HTHI UHTEHCUBHOCTHY HAIPSHKEHUH; XapaKTePUCTHYECKUH YTOI
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ON SURFACE FRACTURE OF RAIL HEADS

Purpose. The formation of crack-like defects in rails of railway tracks is a serious problem for engineering prac-
tice because of the danger of creating emergency situations. The purpose of this work is to establish theoretically the
characteristic angle of propagation of surface cracks in the rail heads of railway rails, which is basic in the formation
of typical surface contact fatigue damages, such as pitting, «checks» and «squaty». It is also necessary to find the
conditions for determining this angle. Methodology. The investigations were carried out on the basis of the method
of singular integral equations. The rail damaged by the surface crack was modeled with a half-plane with an edge
cut, and the action of the wheel on the rail by unidirectional repeated translational movement along the edge of the
half-plane of the Hertzian contact forces with the tangential component. The problem of determining the stress in-
tensity factors in the vicinity of the crack tip in the rail head was reduced to a system of two real singular integral
equations which were solved numerically by the Gauss-Chebyshev mechanical quadrature method. The complexity
of the problem consists in the fact that the boundaries of the contact areas and the opening of the crack faces are
unknown beforehand and they change when the model contact forces move. These boundaries were determined si-
multaneously with solving the integral equations of the problem from additional conditions by the iteration method.
Findings. The presence of the characteristic angle of propagation of mode II surface cracks in the rail head has been
established theoretically and the conditions for its determination have been put down. The results obtained are in
good agreement with engineering and experimental data. Originality. For the first time, the values of the character-
istic angle were theoretically determined, under which at the initial stage, the surface contact fatigue cracks propa-
gate in the head of the railway rail under the action of the wheels. Conditions for determining this angle have been
also put down. Practical value. The received data are of great importance for engineering practice, since they reveal
the nature of surface contact fatigue defects under various operating conditions and allow to predict their contact
strength and durability.

Keywords: railway rail; Hertzian load; friction; shear crack; stress intensity factors; characteristic angle
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CO3JAHUE IT-OPUEHTUPOBAHHOI'O OHTOJIOI'NMYECKOI'O
®PEMUMBOPKA JIJISI IEJIEH ®OPMUPOBAHUS
OBPA3OBATEJIBHBIX ITPOI'PAMM HA OCHOBE
KOMIIETEHTHOCTEH

Hean. C yueroM pactmpeHus cpep MPUMEHEHNS! KOMITBIOTUHI'a BO3HUKAET HEOOXOAMMOCTh BBISBICHHS CBSA3EH
MEXXIy ITOCTOSHHO 3apOXKJAIOIINMHUCS TPEOOBAHNUAMH K MPO(ECCHOHATLHBIM KOMIIETEHTHOCTSIM 1 HOBBIMH pa3jieia-
MU 3HaHWH KOMIIBIOTHHIA JJIs COBEPIIEHCTBOBAHMS Tporiecca (POPMHUPOBAHNS HOBBIX 00pa30BaTENbHBIX IIPOTPAMM.
Meroanka. ABTOpaMu mpeiaraeTcsi MoAX0, HAalpaBiIeHHBIH HA MOCTPOCHUE CIICHMAIM3HPOBAHHBIX 0a3 3HaHWH,
(OpPMHUpPYEMBIX C HCIIOJb30BAHUEM TEXHOJIOTHH MCKYCCTBEHHOIO WHTEIUIEKTa M OPUEHTHPOBAHHBIX Ha pPaboTy
C MHOKECTBOM Pa3HOPOIHBIX PECYpCOB MM MCTOYHHKOB JAHHBIX 10 OINpPEIeICHHOW 00pa3oBaTEeIbHON TeMaTuKe.
Kak wuncTpymeHT, obecneunBaromuii GopmupoBaHne 0a30BBIX OHTOJIOTHH, HCIOJIB3YETCS PEIAKTOP OHTOJIOTHH
Protégé 4.2. B xauecTBe 0AHOTO U3 MOTYJIeH pa3pabOTaHHON CHCTEMBI CEMAaHTHUECKOTO aHaIN3a, 00ECTIEYHBAIOIIEr0
JIOCTYIl K OHTOJIOTHH TIOHSITHSI U BO3MOXKHOCTH e 00paOOTKH, JIOJDKEH MCHONb30BaThesi Java-(peiiMBopk Apache
Jena, koTopsIii hOpMHUPYET MPOrPAMMHYIO Cpery i paboThl ¢ gaHHbIME B (popmarax RDF, RDFS u OWL, a takxe
MTOIICP’KUBACT BO3MOXKHOCTH (DOPMHUPOBAHUS 3ampocoB K OHTONOTHH Ha si3bike SPARQL. OcoOeHHOCTEIO JaHHOTO
TIOJIXO/IA SIBJSIETCSI CBSI3bIBAHME MH(OPMAIMOHHBIX PECYPCOB TPEXILIATGOPMHOTO TPeICTaBICHUS AUCIUIUTHHAPHON
CTPYKTYPHI B KOHTEKCTE BBISIBICHUS CBA3EH MEXly Ipo(hecCHOHATIBHBIMI KOMIIETEHTHOCTAMU. Pe3yiabrarsl. Pazpa-
60TaHBI MOZIENb U CTPYKTypa | T-OpHEeHTHPOBAaHHOTO OHTOJIOTHUECKOTO (ppeiMBOpKa, MpeJHA3HAUYCHHOTO IS 00ec-
TIeYCHNs] KOHBEPTCHIIMH KOMITIOHEHTOB TpeXIuIaT()opMeHHOH HH(POPMAIMOHHO-KOMMYHHKAIIMOHHOHM cpensl BY3a.
CdopmupoBaHa CTpYKTypa OHTOJIOTUH — OCHOBBI 0a3bl 3HAHWH, OMHCHIBAIOIIEH KITI0YEBbIe 0COOEHHOCTH 00pa30Ba-
TENbHBIX CTaHAApTOB oTpaciu «HopmarmonHsle TexHOIOrHM». Hayuynasa HoBu3HA. B pamMkax npoekTHpoBaHUSA
1 GOPMHPOBaHMs CTPYKTYPbI OTPACIH JUCHMIUTHHBI «H()OPMalMOHHBIE TEXHOJIOIHWY, B KOHTEKCTE KOMIIETEHTHOCT-
HOTO TI0/IX0/a K 00pa30BaHUIO, MPEAIaraeTCs apXUTEKTypa CHCTEMBI CEMaHTHIECKOTO aHaJIM3a AECKPUIITOPOB KOMIIE-
TEHTHOCTEH, pealu3yIouias alrOPUTM UHTErPalliy OHTOJIOTMYECKON U MPOLYKIIMOHHOM MOZEIEeN NpeICTaBIICHUs 3Ha-
HUHM 00 mcciexyeMor mpeaMeTHoi obmactu. IlpakTuyeckasi 3HaYMMOCTh. [IpeiaraeMblii MOIX01 TMO3BONSIET CH-
CTEMaTH3UPOBATh KOHTEHT, CTPYKTYPY U CBS3M KOMIIOHEHTOB 00J1aCTH MH(QOPMAIIOHHBIX TEXHOJIOTHH JUIsl KOPPEKTH-
POBKHM crekTpa (DOPMHUPYEMbIX KOMIIETEHTHOCTEH IpH pa3paboTke 00pa30oBaTeNbHBIX HPOrpaMM MOATOTOBKH
IT-cnenuannucToB B yHUBEPCUTETE, C yIETOM PAaCIIMpeHHs chep MPUMEHEHHUs KOMITBIOTHHTA.

Kniouegvie cnosa: KOMIIBIOTHHT; KOMIIETEHTHOCTH; MH(OPMAIIOHHBIE TEXHOJIOTUH; TPEThs IIaTGOpPMa; CBA3H;
OHTOJIOTHS; TUCIMIIMHAPHAS CTPYKTYpa; AECKPHUIITOP
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BBenenne

HapacTatomue nponeccs! rinodanu3anuy U mo-
TpeOHOCTH B MOOWJIBHOCTH TPYAOBBIX PECypPCOB,
pa3BuTHH Bcex GopM 0OydeHHsI B TCUCHHE >KU3HU
BBI3BIBAIOT HEOOXOAUMOCTh PaJUKAIBHBIX H3Me-
HEHHU B cdepe BBICIIETO MPOPECCHOHATLHOTO 00-
pa3oBaHUs, HaNpaBICHHBIX Ha YAOBJICTBOPEHUE
TpeOOBaHUI KOMIIETEHTHOCTHOTO TIOAXOJa HpH
(hopmupoBaHuK 06pa3oBaTEIbHEIX Iporpamm [8].

Jnst JOCTHXKEHHST HOBOTO YPOBHS M KadecTBa
HHKEeHepHOTro obpasoBanus B padote [8] mpemna-
raercsi MOJIeJib TapMOHU3AIMH KOMIUIEKCHOTO B3a-
HMOJCIHCTBUSL TpeX cocTaBisomux: MHxeHnepHoe
oOpaszoBanue — Hayka — [IpOMBITIIICHHOCTb.

Ha ocnoBe nmanHoro moaxona aBTopamu pado-
ol [1] cdopmupoBana MoAens  MYJIbTH-
JUCHUIUIMHAPHOTO,  MYJIBTHU-TEXHOJIOTHYECKOTO,
OTpAaCcICEHTPUUECKOTO TOAX0Ja Mo AuBepcudu-
Kalul MEXIUCLUIUIMHAPHBIX KOMIICTEHTHOCTEH,
(hopMUpOBaHUE KOTOPBIX MPHU3BAHO OOCCIICUNUTh
WHHOBAIIMOHHYIO KOMIIOHEHTY B 00pa30BaTeIbHOM
mpoiecce.

Jnst 00nacT KOMIIBIOTHHIA, CYLIHOCTH KOTO-
POTr0 MOXHO KpaTKo chOpMyITHPOBATh KakK «Ir00ast
JESITeNbHOCTh TEXHHUUYECKOH MPUPOABI, KOTOpas
MPUMEHSIET KOMIIBIOTEPHI», PAaCIpPOCTPAHEHUE WH-
dbopManuu O AEATENBHOCTH HOCHT TJI00aIbHBIH
XapaxkTep, TMO3TOMY BHeApeHHe YHU(MUIIMPOBaH-
HBIX TpeOOBaHMII K MHTErpaJbHON KOMIIETEHTHO-
ctu [4] IT-cmenuanucToB B Mpolecce COOTBET-
CTBUSL TPOGECCHOHANBHBIX U 00pa30BaTEIIbHBIX
CTaHIAPTOB yX€ MHOTO JIET SIBJISIETCS aKTyaJbHOM
3aj1a4eii 0Opa3oBaHust BCex cTpaH [5, 7].

B To ke BpeMss HEOOXOJMMO MPHHUMATH BO
BHUMaHHE TOT (AaKT, YTO OJHHUM H3 OCHOBHBIX
(haKTOpOB, CYIIECTBEHHO BIIMSIOIIMX Ha IPOLECC
MOBBIIIIEHHS KauecTBa 0Opa30BaHUs, SIBISICTCS Be-
OyIIUA  TEXHOJOTMYECKHHA  TPEHA  Pa3BUTUSL
IT-oTpacnu, u3BecTHBIA 1MOA Ha3BaHWEM «IpeThbs
wiatdopmar [13, 15], onpenensemplii kKak KOHBEp-
TCHIIUS ¥ B3aMMHOE YCHJICHHE YEeThIpeX B3aUMO3a-
BUCHUMBIX TEHICHLHI: COLMAIBLHOIO B3aUMOACH-
CTBHSA, MOOHMJIBHOCTH, OOJIAYHBIX TEXHOJOTUH H
nH(pOpMAaIIH.

Hean

Henpto naHHON pPabOTHI ABISETCS CO3AAHUE
IT-opreHTHPOBAaHHOTO OHTOJIOTHYECKOTO (hperM-
BOpKa s 1enei (gopmupoBaHus 00pa3oBaTelb-

HBIX TPOTPaMM Ha OCHOBE KOMIIETEHTHOCTEH JHC-
LUIUIMHAPHOM CTPYKTYphl IO pa3jieiaM 3HaHWi
KOMITBIOTHHTA, KOTOPBIA BKIIIOYAeT B ceOs Mpoek-
TUPOBaHUE, pa3pabOTKy M CO3JaHKE aIMapaTHBIX
¥ TPOTPaAMMHBIX CHUCTEM; 00pabOTKy, CTPYKTYpH-
pOBaHME W YIIpaBIIEHHE PA3IWYHBIMU BUIAMH HH-
(hopMaruu; MpoOBEICHUE HAYYHBIX HUCCIICIOBaHUMN
C WHCIIOJIb30BAHUEM KOMITBIOTEPOB; WHTCIUICKTY-
aIbHOE yTIPaBJICHNE KOMITBIOTEPHBIMI CHCTEMaMHU;
CO3/IaHME W WUCTOJIb30BAHHUE CPEACTB KOMMYHUKA-
LMW ¥ Pa3BICUYCHUH.

MeToauka

Ilocmanoexa 3a0ayu. PazButne cOBpEeMEHHBIX
UU(PPOBBIX TEXHOIOTUH M KOMMYHHKALIUM Xapak-
TEpU3YyeTCsl CTPEMHUTENBFHO PACTYIIMM KOJIMYe-
CTBOM NOJKIIOYaeMbIX K VHTepHETY MOOMIBHBIX
YCTPOHCTB, a TakKe pa3HOOOPa3HBIX OBITOBBIX
mpuOOPOB, JOMAIIHUX CUCTEM M JAaTYHKOB, B3au-
MOJICHCTBYIONIMX JPYT C IPYroM IIOCPEICTBOM
WHQPAKPACHBIX, OECIIPOBOJHBIX, CHIIOBBIX W Clia-
OOTOYHBIX KOMMYHHKAIIMOHHBIX CETEH, MOITyYuB-
mux HazBanue «MutepHer—Bemei» (Internet of
Things -10T). Poct o6beMa maHHBIX, T€HEPHPYeE-
MBIX Pa3IMYHBIMH YCTpOWCTBaMu, TpebyeT obec-
MeYeHns yI00HOTO CeTEeBOro JAOCTYIA 1Mo TpeboBa-
HUIO K HEKOTOpOMYy oO0mmeMy (GoHIY KOH(QUTYpH-
PYEMBIX CETEBBIX BBIYHUCIUTEIHHBIX PECYpCOB IS
obecnieuenust  o0naunbix  Bbruucienuit  (Cloud
Computing), mpUMEHSAEMbIX Ui PEIICHUS KOM-
TUIEKCHBIX aHAJIUTHYECKUX 337a4 C TIOMOIIBIO TEeX-
HoJytoruii Oonbimux gaHHbX [18]. Ilox TepmunaMu
«bonbmre nanubie», «Big Data» wiu nmpocro «our
J1aTay» CKPBIBACTCS OrPOMHBIH 00BEM IEPMAaHEHTHO
HaKalIMBaIoOIIecss pasHOPOAHOH HMH(MOpMAIHH,
HACTOJIbKO 3HAYUTENIBHBIM, 4YTO €ro o00pabdoTKa
CTAQHJAPTHBIMH ~ TPOTpaMMaMy  IPEJICTaBISETCS
KpaiiHe croxHoi. [Ipobiema xpaHnenust u oopaboT-
KA  B3aMMOIPOHUKAIOIINX  CTPYKTYPHPOBAHHBIX
U HECTPYKTYypPHUPOBAaHHBIX Pa3HO(POPMATHBIX KOM-
MOHEHTOB JAaHHBIX IPUBOAUT K HEBO3MOXKHOCTH
OTIEPaTUBHOTO BHECEHHS CEMECTPOBBIX KOPPEKTHU-
POBOK B MPOrpaMMbl JUCLHUIUIMH U y4eOHbIE IUIAHBI
007acT KOMIBIOTEPHBIX HayK. JlaHHas curyanus
YCIIOXKHSIETCSI PACIIUPEHUEM U YCIIO)KHEHWEM BHYT-
PEHHETO «HAIOJHEHHSD MEXJIUCIUILIMHAPHOTO TEeX-
HOJIOTMUYECKOTo 0azpca MpenojaBacMoro KOHTEHTA,
OTIMPAFOIIErocs] Ha KOMILUIEKC CTPEMHTENBLHO PacIly-
PSIFOIIMX CBOW TPaHHUIIbI 0a30BBIX TEXHOJOTHH: WH-
TEpPHET- ¥ BEO-TEXHOJIOTUH, MYJIbTUMEUIHBIX, CETe-
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BBIX, OECIIPOBOAHBIX, OOJAaYHBIX, MOOMJIBHBIX, Telle-
KOMMYHHKAIMOHHBIX, O(UCHBIX, KOPIOPATHUBHBIX,
3armmThl “HQOPMAIMU M TAHHBIX, TEOMH(POPMAIHOH-
HBIX, IUCTAHIIMOHHOTO 30HMPOBAHUS 3eMIIH, CTaTH-
CTHYECKHUX, YIPABIEHUs], TEXHOIOIUI HMCKYCCTBEHHO-
IO UHTEUIEKTa, TEXHOJOTHH IPOrpaMMHPOBAHHUS
U Jp.

Pewenue 3a0auu. Iy pemeHuss JaHHOW Mpo-
Onembl mpexaaraeTcsi MOAXO[, HAIlPaBICHHBIA Ha
MOCTPOCHUE CIEIHaTU3UPOBAaHHBIX 0a3 3HaHUH,
OPHEHTHPOBAaHHBIX Ha paboTy €O MHOMXKECTBOM
Pa3HOPOIHBIX PecypcoB (MM HMCTOYHUKOB [aH-
HBIX) TI0 OIpEeAENeHHOM 00pa3oBaTeNbHON TeMa-
THKE, 0COOCHHOCTBIO KOTOPOTO SIBIISIETCS CBSI3bIBA-
HUe MH()OPMAITMOHHBIX PECYPCOB TPEXILIAT(HOPMHO-
r0 NpeACTaBICHUsl CTPYKTYpPbl OUCLMIUIMHBL C IIO-
CTOSIHHO MPOTPECCUPYIOMIUMH NPOECCHOHATBLHBIMH
TpeOOBaHMSIMHU K MHTEIPATLHON KOMITETEHTHOCTH.

IIpu sTOM CegyeT OTMETUTh, YTO B COBPEMEH-
HOM, JUHAMHYHO Pa3BUBAIOMIEMCS MPOCTPAHCTBE
CO3JIaHMA W TIPUMCHEHHS BCE HOBBIX M HOBBIX
nM(pPOBBIX TEXHOJOTHH, Hambollee aKTUBHBIMU
OpPTraHU3alMsAMH, IIOCTOSIHHO  PACLIMPSIOIIUMHU
rpanuibl cBoja 3Hanmii (Body of Knowledge,
BOK) o0 HHX, M, COOTBETCTBEHHO, KOMIIETEHTHO-
CTel B NaHHOW OOJIACTH, SBJISIOTCS OpTraHU3AIIN-
oHHble cTpykTypsl CLIA: Accormanus BBIYUCIH-
tenpHOM TexHuku (Association for Computing
Machinery, ACM) u MHCTUTYT HHXXEHEPOB 3JICK-
TporexHuku u dekTponnku (Institute of Electrical
and Electronics Engineers, IEEE) [6, 9-11]. Co-
racHo ux AuddepeHunany HaupaBieHuH MoAro-
TOBKH, COOOPAa3yIOIIMXCS C XapaKTepoM JesTeIbHO-
cti |IT-cenmanucToB pa3MUYHBIX —HAlpaBIECHHH,
BBIZICJICHBl CIIENYIOIINE TSITh 0a30BBIX MpOQuUIIei
(naseiBaembix B jokymente CC 2005 [11] mommuc-
muuimHamMu):  Kommbrotepuble Haykum — Computer
Science (CS), KomnbrotepHas umxenepus — Com-
puter Engineering (CE), [IporpamMmHast HHKEHEpHs —
Software Engineering (SE), Nudopmarmontbie cu-
crembl — Information Systems (1S), Mudopmarwon-
wele Texnojormu — Information Technology(IT).
Kaxnprit w3 3tux mpoduedt npu3BaH 0OBEIHHUTH
yueOHbIe KYpChl JUIS TIOJITOTOBKU CTYJIEHTOB C Iie-
JIbI0 TIPHOOPETEHUSI UMH COOTBETCTBYIOIIMX KOMIIE-
TEHTHOCTEH B 00sacTu komrbtotiara [10].

Bwmecte ¢ Tem, yxxe B 2013 romy, B JOKyMeHTe
CS2013 [12], pa3paboTaHHOM BHINIEYKa3aHHBIMH
OpraHu3alMsMHu, ObUIO MOKa3aHO, YTO pa3BUTHE
KOMIIBIOTEPHBIX HayK IOTPe0OBaj0 BBEICHUS

B BOK mnoBbix ob6macteit 3uanmii (Knowledge
Area, KA), nopnekymue HEOOXOIUMOCTh OCBOE-
HUS YYaIIUMUCS HOBBIX TPEOOBaHMA U M3MEHEHUS
HEKOTOPBIX CTapblx KomIeTeHTHocTe. Cpenu
3THX HOBBIX OOJacTel cieqyeT OTMETHUTh CIey-
rommie [12]: wmHpOpMaImoHHas 0e30IIaCHOCTE
u 3ammra uHdopmamuu — Information Assurance
and Security (IAS), cereBoe 00OpyIOBaHUE
u cBa3b — Networking and Communication (NC),
m1aTOpMEHHO-OPHEHTHUPOBaHHAsT pa3padoTka —
Platform-Based Development (PBD), mapamiens-
HBI M pachpemeleHHbii koMmmsroTiHHr — Parallel
and Distributed Computing (PD), ocHoBbI paspa-
00TKM TporpaMMHOro obecreueHuss — Software
Development Fundamentals (SDF), octoBbI (yHK-
HOHUpOBaHus cucteM — Systems Fundamentals
(SF).

B TO e BpeMs, OHUM U3 MOCIEIHUX JOKY-
mentoB Kabunera MunuctpoB Ykpauusl [3], pe-
TJIAMEHTUPYIOIIUM CIHCOK CIEeNUaIbHOCTEH 00ia-
cte 3HaHul 12 «MHpOpMAaLMOHHBIE TEXHOIOTHI,
MpescTaBiIeH Habop, HEe B MOJHON Mepe COOTBET-
ctByrommii 6azoBomy npoduo CC 2005 (puc. 1).

Kpome Toro, cremyer OTMETHTH pa3HHILY
B TOJKOBaHHWH MOHATHS KOMIIETEHTHOCTH pa3HEI-
MH OpTaHM3AlUSIMH ¥ MHOTUMHU aBTOPHTETHBIMU
aBTopamu [12]. Tak, Hampumep, B COBMECTHOM
nokymente Jlenapramenta tpyaa CIIA (U.S. De-
partment of Labor), ACM u IEEE B onwucanuu
Mopnenn xomrmeTeHTHOCTE B MHGDOpMaIMOHHBIX
texuonorusx (Information Technology Competen-
cy Model, ITCM) [14] B cdepy KOMIIETEHTHOCTEH
BKJIroueHs! 3Hanust (Knowledge), HaBbiku (TIpakTH-
gyeckue ymenust) (Skills) u coco6noctu (abilities),
KaK KJIIOYeBbIE KadecTBa, HEOOXOAMMBIE CIelHa-
JIUCTaM JUIs YCIIENTHON paboThl B 00JIACTH MPUMeE-
HEHUSI KOMIIBIOTUHIa U HOBBIX MH()OPMAIMOHHBIX
TEXHOJIOTHUM.

B HammoHanmpHBIX paMKax KBamUpUKAIUI
Vkpaunsl (HPKY) kommeTeHTHOCTh / KOMITETEHT-
HOCTH OIPEJEINSAIOTCS KaK «CIOCOOHOCTh JIHIA K
BBITIOJTHEHHIO OIIPENIEIICHHOTO BUA IEATEIbHOCTH,
BBIpaXKaroleecs 4depe3 3HAaHWE, TIOHUMaHHE, yMe-
HHe, [ICHHOCTH U MHbIC JIMYHbIC KauecTBay [4].

CrnenoBatensHO, HaOIIOZAeTCS paccoriacoBa-
HUE TPEJCTABICHUH B TEPBOM W BTOPOM TIpE-
CTaBJIEHUAX O KOMIETEHTHOCTAX (puc. 2). B cBs3u
C BBINICYKA3aHHBIMH CJIOXHOCTSIMH IOAXO0I K pe-
IICHUIO CIIOKHOHM 3aj]aud ydeTa B3auMOJCHCTBUS
U BIUSHUS CBSI3eH MEXIy Pa3HBIMH YPOBHSMHU
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KOMIIETEHTHOCTEH HccaenoBaincs B pabore [16],
IJIc B KQ4eCTBE PEHICHHs Mpeiiaraiach METOIHKa
BBITIOJTHEHHST MHOTOIIIATOBOM TpoIeyphl: 1) KOH-
HenTyanu3anus; 2) riaHupoBaHue; 3) cOop aaH-
HbIX; 4) aHamM3 JAaHHBIX W CO3JaHUE KaTajora

KOMIIETEHTHOCTEH; 5) paspaboTka oOpa3oBaTellsb-
HOW TmporpaMMbl Ha OCHOBE KOMIIETEHTHOCTEM
1 6) pa3paboTKa MPUIOKEHUHN M MAIOTHBIX TECTOB

[16].

A KomnbtotepHble Hayiw — Computer Science (CS)
KomnbtotepHas wHxerepusi — Computer Engineenng (CE)
[porpammHas uHKeHepna — Software Engineenng (SE)
WHdpopmaupornble arctembl — Information: Systems (1S)
Wndpopmauportble TexHonomm — Information Technology(IT)

121 Viikerepws nporpamvHoro  obecrie4eris
% 122 KomnbtotepHble Haykn IN
123 KomnbtoTepHas vHxeHepus

\‘ 124 CucTemHbIA aHanwms
~ 125 KubepbesonacHocTb
\A

126 WrchopmaLpioHHble GCTEMBI M TEXHOMOMN

Puc. 1. Ces3p Mexay 0azoBeiMu npodmmsivu (mucuumumnaaMu) CC2005 (A) U crienuanbHOCTSIMA
obnactu 3HaHu# 12 «HGOpManmonHbIe TexHOMOTHI (B)

Fig. 1. Communication between the base profiles (d
«Information Technology»

isciplines) CC2005 (A) and the specialties of 12
field of knowledge (B)

Model (CIIIA)

IT Competency
I N 3HaHWA HaBbIKK cnocobHocTH,
YMEHWS

HPK Vipanmsr [ 3HaHMA } [ MoHUMaHNe M ymeHme ][ LigHHOGTH ]

Puc. 2. YactiuHoe cooTBeTcTBHE KOMIIOHEHTOB KoMmneTeHTHOCTeH CIIA n YikpanHsl

Fig. 2. Partial matching of the United States and Ukraine competencies components

ABTOpamu IaHHOW pabOTHl Ui BBISIBICHUS
CBsI3ell MEXIy KOMIOHEHTaMH 00pa30BaTeIbHOTO
HPOCTPAHCTBA MPeJIaraeTcs MOAX0/1, OCHOBaHHbIH
Ha OHTOJIOTHH, NPHUMEHEHHE KOTOPOW MO3BOJISET
00eCIeunTh KaK CBEJCHHE PECYPCOB B €IMHOE WH-
(opMaIlOHHOE MPOCTPAHCTBO, TAaK M OpraHU3a-
LHIO COAEPXKATEIBHOI0 MHCTPYMEHTAPUS s yia-
JIeHHOTrOo joctyna K HuM [17]. Mcnonb3oBanue OH-
TOJIOTUU JJISl TIOCTPOCHMSI JIOTMYECKOW MOJICITH
NpeICTaBICHHs 3HAHUI MO3BOJISET HE TOJBKO Iie-
JIOCTHO TIPEACTAaBUTH TaKyl TPyAHO(GOpMaIn3ye-
MYIO IPEIMETHYIO 00JIaCTh KaK WH(POPMAIMOHHbIC
TEXHOJIOTHH, HO U 00ECTICUNTh SANHOE MOHMMAHUE
TEPMUHOB W IMOHSTHI B JaHHOH MOJIUCIHILIUHE,
OpraHu30BaTh ¥ (OPMAIU30BATh UMEIOIIHECS 3Ha-
HHsI, pealii30BaTh (YHKIUM CIIPABOYHOTO M 00Y-
YaIOIIero NHCTPYMEHTA.

PesyabTarsi

B pamkax pemaemoil 3a1a41 OHTOJIOTUYIECKOrO
aHaJIM3a JECKPUITOPOB, XapaKTEPU3YIOIIHUX KOM-
METEeHTHOCTH oTpaciy 3HaHui «HpopmanronHsie
TEXHOJIOTUMY», IPEAJIaraeTcsi BHIIOJHUTH CIEHYIO-

mue maru [17, 2].

1. OcymiectButh nocrpoenue OWL-oHTonoruii
BBIOpaHHOW TPOOJIEMHON O00JaCTH C ITOMOIIBIO
WHCTPYMEHTA CO3JaHMsl OHTOJIOTUH — pemaKkTopa
oHrosioruii Protégé 4.2. /Ing npoBepKu OHTOJIOTUI
Ha COIJIACOBAaHHOCTH HEOOXOAMMO HCIOJIb30BAThH
JIOTHYECKYI0 MAIIMHYy BbIBOAA (T. H. PE30HED,
reasoner — Pellet).

2. BBIMOMHUTE cocTaBiieHHe Habopa MpPOIyK-
TUBHBIX NpaBWI B ¢opMare si3bIKa MPaBHII CEMaH-
tuueckoro Beba SWRL (Semantic Web Rule Lan-
guage), BKIIOYCHHBIX B (pailyi OHTOJOTHI MpO-
OyleMHOI1 00acTH.

3. CiipoekTupoBaTh M pa3paboTaTh CUCTEMY
CEMaHTHYECKOTO aHajn3a JECKPUIITOPOB, peallu-
3YIOIIEH alrOPUTM HMHTETPALMM OHTOJIOTUYECKOU
U TPOXYKIIMOHHOW MOJIeNIell MpencTaBlicHHUs 3Ha-
HUH 00 oTpaciu 3HaHul «MH(OpPMaIMOHHbBIE TEX-
Hosorum». Pa3paboTaHHas OHTOJOTHS aHaIU3a
JECKPUITOPOB KOMIIETEHTHOCTEH JOJDKHA Xpa-
HUTBCSA coBMecTHO ¢ Habopom SWRL-npaBumi, Ko-
TOpBIE UTPAIOT POJIH JIpaiiBepa B MPOLIeCcce JIOTHIe-
CKOTO BBIBOJIA M HEMOCPEICTBEHHO CBS3aHBI C
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MPEeIMETHON 00JIaCThIO, ONTMCAHHON B OHTOJIOTHUH —
oTpacinu 3HaHWK «HMOPMAIMOHHBIE TEXHOJIO-
rum». B xagectBe mMomyns pazpaboTaHHOU cuCTe-
MBI CEMaHTHUYECKOTO aHaIn3a, 00eCHeUNBAIOLIETO
JOCTYTI K OHTOJIOTMH ¥ BO3MOXXHOCTH € 00paboT-
KM, JODKCH MCIONB30BaThes Java-pperMBOpK
Apache Jena, xotopslii (hopMHpyeT cpedy Mpo-
rpaMM Jjisi paboThl ¢ gaHHBIME B opmaTax RDF,
RDFS n OWL, a Takxke moanep>KuBacT BO3MOXK-
HOCTH (DOPMHPOBAHHUS 3aMPOCOB K OHTOJIOTMU Ha
s3pike SPARQL (SPARQL Protocol and RDF
Query Language — s3bIK 3alpOCOB K JIAHHBIM,
npeacraBieHHsiM 1o Mojaenu RDF, u mpotoxon
JUIS TIepeiady 3alpoCcOB U OTBETOB Ha HUX). ApXH-
TEKTypa MPeATI0KEHHONH CHCTEMBI OHTOJIOTHUECKO-
ro aHalu3a KOMIIETEHTHOCTEW NpeJCTaBlieHa Ha
puc. 3.

SAnpoMm pa3pabOTaHHOH CHUCTEMBI, 00ECIIEUH-
BaOIIUM JIOTHYECKUI BBIBOJI, OyIET BBICTYIATh

pe3onep Pellet, mo3Bonstommii 0OpadaThIBaTh 3Ha-
aus B OWL-dopmaTte, 0OCHOBaHHOM Ha IECKPHII-
HHOHHOM Joruke. IIpouecc noruueckoro BbIBOJA,
oOecreynBalOUMi BbIJady MOJb30BATENIO0 DKC-
MEPTHOTO 3aK/IIOYEHHUS O KOMIIETCHTHOCTH IO
BXOJHBIM 3HAYCHMSAM €€ AECKPHUIITOPOB, IPEACTaB-
JICHHBI B BHJE COBOKYIHOCTH PE3YyJIbTATOB 00Y-
YEHHsI COOTBETCTBYIOIMX JECKPUITOPOB. HaBbI-
KOB, 3HaHWN, YMEHHIA ¥ CIOCOOHOCTEH, OCYIIeCTB-
JISIeTCSl TIOCPENICTBOM BBIOOpA, YIOBIETBOPSIOMIECTO
ycnoBusiM SWRL-npaBuna, BknroueHHoro B OWL-
OHTOJIOTHIO.

Bxonnble naHHbBIE, MOCTYHAIOIIUE B CHUCTEMY
OHTOJIOTHYECKOTO aHalIN3a, AOJDKHBI OBITh YHU(U-
nupoBanbl. Ilpeanaraercs yHudukanms mocpen-
CTBOM TpeoOpazoBanus K Buxy RDF-tpoek.

CucTema OHTONOMMYeCcKoro aHanunaa
KOMMNeTeHLNi

Moacucrema
aHanusa
[ecKpunTopoBs

OnucaHnsa
KOMMETEHUWIA;

=)
—

Pe3soHep (Pellet)

PesynbTathl

XapaKTepUCTUKU
[ecKpUnTopoB

o I

iI aHanusa

WHTepdelic B3anmoaencTems ¢
oHTonoruen (Jena)

 §

OHTOnOrNs:
- Knaccol, 06bekTbI, cBoricTBa (OWL)
- Habop npasun BeiBoga (SWRL)

Puc. 3. ApXI/ITCKTypa CHCTEMEBI OHTOJIOTHYECKOr0 aHAJIM3a KOMIICTCHTHOCTEH

Fig. 3. Architecture of the system for ontological analysis of competences

BxoaHBIMU JaHHBIMU CUCTEMBI OyIYT SIBIATHCS:

1. Onucanne KOMIIETEHTHOCTH B BHIE COBO-
KYITHOCTH 3HAQ4€HHMH JECKpUNTOpOB. Pe3yibrarhbl
xpansatcss B Bupe RDF-tpoex (mampumep, «lle-
ckpunrop» + «Bum» + «Conepxkanue»). [lanHbie
3HaueHus xpansrcs B CYBJl MySQL u cootBet-
CTBYIOT 3HaU€HHsIM OOBEKTOB pa3pabOTaHHOH OH-
TOJIOTHH.

2. JlaHHble, BKIIIOYAONINE OCHOBHBIE XapaKTe-
PUCTHKH JECKPHUIITOPOB PAcCMaTPUBAEMBIX KOM-
neTeHTHOCTed. JlaHHBIE TakXe JOJKHBI OBITH
npeacrasiensl B Buje RDF-Tpoek.

3. OkcrieptaHpie OWL-0HTONOrMH, BKITFOUAIOIINE
(hopMan30BaHHOE ONUCAHUE MPOOJIECMHOM 00J1aCTH,
a taroke Habop SWRL-mpaBuit T0ru4eckoro BhIBOIa
PEKOMEHAIMI 10 COOTBETCTBUIO 00pa30BaTENIbHO-
ro npoduis 1 yHupHUKALUH KOMIIETEHTHOCTEH cIie-
MUAJIMCTOB HAa HAITMOHAJIBHOM YU MHUPOBOM YPOBHE.

B mpomecce normyeckoro BBIBOAA COOTBET-
CTBYIOLIECH PEKOMEHJIAINH CHCTEMa JIOJDKHA ITOoTIe-
PEMEHHO 00paliaThCsi K OHTOJIOTMH H K Habopy
SWRL-npaBui, TeM cambIM co37iaBasi OIpe/ieieH-
HYI0O CEMaHTHYECKYIO Cpely IpOBEACHUs aHaIu3a
C TIPUBSI3KO K OCOOCHHOCTSIM TIPOOJIEMHOMN 00J1a-
CTH, OIMCAHHOM B OHTOJIOTHH.
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Busyanuzanms cTpykTypsl ¢pparMeHTa OHTOJIO-
THH aHaIW3a JECKPUIITOPOB KOMIETEHTHOCTEH
B TpadudeckoM TIpencTaBlIeHUN (BBITOTHCHHAS
¢ momouipto warnHa OntoGrapf pexakropa oHTO-
moruit Protégé 4.3) mpencraBnena Ha puc. 4.

[TockonmpKy TEPMHHBI <«GHAHHUA» W «YMEHUSD)
UCTIONB3YIOTCS Uil OIpeleNieHHs MOHATHS «pe-
3ynbTaThl 00yuenusi» B HPKY [4] u monsTuii
«xoMmrreTeHTHOCTE» Kak B HPKYVY, tak u B ITCM,
Ha MPUBEICHHOW CXeMe OHTOJIOTUH OTPaKaIOT OJI-
HOBPEMEHHOE TPEJICTABIICHUE HABBIKOB, YMCHUI
Y 3HaHWHA, KaKk B Ka4eCTBE IECKPUITOPOB KOMIIE-
TEHTHOCTEH, TaK W B KadecTBE Pe3yJbTaToB 00Yy-
4yeHus. B To ke Bpems, MOHSITUS <GHAHUS» U
«YMEHHS» MOTYT CIYXHUTh CBS3YIOIIUM 3BEHOM
mexay npeacrasieansmu HPKY u ITCM u ycra-

T

HaBJIMBaTh BO3MOXHOCTh JUII MHTEPOIEPa0eIIbHO-
CTH MEXIy pe3ylbTaTaMH OOY4YeHHS W KOMIIe-
TEHTHOCTSIMH.

Opranuzaius CBsi3el MeXIy OCHOBHBIMHU KJlac-
CaMU OHTOJIOTHUHU BBITIOJTHEHA TIOCPEICTBOM accolua-
THUBHBIX OTHOIIEHWH, MO3BOJISIOUIMX TOHATH Xapak-
TEP B3aUMOCBSA3M MOHATUH, ONMUCHIBAIOLIMX KJIACCHI
OHTOJIOTHH, C CYIIHOCTSIMH 00pa30BaTeIbHOrO Tpo-
CTpaHCTBa B peaJibHOM >KM3HU. Takke, MOMUMO ac-
COIMIATHBHBIX OTHOILICHUH, ITPU Pa3pabOTKEe OHTOJO-
TMM KOMIIETEHTHOCTEW MO oOTpacinu 3HaHui «lIH-
(hopMarOHHBIE TEXHOJIOTHN HCITOIB30BATIHCH OT-
HOIIICHUSI BUJA «4acTh — IIEJNOE» JJI ONpeaeTeHUs
OTHOIIEHHUS TIOJIKJIACCOB C UX POJUTEIBCKUMHU KIIac-
camu.

A ]

@ HomneteHumA
=
/
/

# YporeHs_aeToHom
HBETH

\

—— v
——_ |I
B Peaynerars_ofiw
EHWA
e -
-~
-

-

# Crenens_afictpak
THOCTH

# OG6em_n_cnoxHoc
b

& Copepxanne_iHaH
nA

Puc. 4. I'padudeckoe mpescTaBieHne 0a30BbIX KJIACCOB OHTOIOTUU

Fig. 4. Graph representations of base ontology classes

Hay4yHast HOBU3HA ¥ NpaKTHYecKasi
3HAYUMOCTh

B xome mnpoBemeHHOTO WCCIEAOBAHUS OBLTH
BBISIBJIEHBI OHTOJIOTUYECKHE CBSA3M JECKPUIITOPOB
npo(eCCHOHATIBHBIX KOMIIETEHTHOCTEH OTpaciiu
3HaHui «HpOPMAIIMOHHBIE TEXHOJIOTHNY; TPEI-
JIOXKEHA AapXUTEKTypa CHUCTEMBI CEMaHTUYECKOTO
aHanu3a JECKPUNTOPOB, PEalU3yIollas airOpUTM

WHTETPallil OHTOJIOTHYECKOW U MPOAYKTHUBHOM
MOJIETIEH Mpe/ICTaBIeHUs 3HAHU 00 MCcieayeMon
MIpeAMETHOM 00JIaCTH.

BrIBOABI

B pamkax mpoekTupoBaHUs U (HOPMUPOBAHUS
00pa3oBaTeNbHBIX MPOrpaMM B KOHTEKCTE KOMIIE-
TEHTHOCTHOT'O MOJX0/1a K 00pa30BaHUI0 Mpeasiara-
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€TCSI MHOTOYpPOBHEBasl arperairuisi KOMIIOHCHTOB  WH(pOPMAIlMOHHO-KOMMYHUKAIIMOHHOH cpenbl
OHTOJIOTHYECKON Moaenu TpeAcTaBieHus 3HaHmi BY3a Ha ocHOBe cozmanus UT-opueHTHPOBAHHOTO
Ha BCEX JTarax IMOCTPOCHUS TPEXIUIaT(GOPMEHHOW  OHTOJOTHYECKOTO (ppeiiMBOpKa.
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CTBOPEHHA IT-OPIEHTOBAHOI'O OHTOJIOI'TYHOI'O
OPEMMBOPKY JUISAA HIJIEM ®OPMYBAHHSA OCBITHIX ITPOI'PAM
HA OCHOBI KOMIIETEHTHOCTEH

Mera. 3 ypaxyBaHHAM PO3IIUPEHHS cep 3aCTOCYBaHHS KOMITTOTHHTY BUHHUKA€ HEOOXITHICTh BUSBICHHS 3B's3-
KiB M NpodeciiiHIMH KOMIIETEHTHOCTSIMH, 1110 MOCTIHHO 3apOJKYIOThCS, T HOBUMH PO3/iJIaMU 3HAHb KOMIT'FOTH-
HT'Y JUIsl BIOCKOHAJIEHHS TIpoliecy popMyBaHHsI HOBUX OCBITHIX mporpam. Meroauka. [Ipononyerbes miaxin, crips-
MOBaHHI Ha MOOYAOBY cIieliani3oBaHuX 0a3 3HaHb, MO (OPMYIOTHCS 3 BUKOPHCTAHHIM TEXHOJIOTIH IITYYHOrO iH-
TEJIEKTY Ta OPiEHTOBaHI Ha POOOTY 3 OE3MIUYI0 PI3HOPITHUX PECypCiB ab0 JPKEpen AaHUX 3a MEBHOI OCBITHBOIO
TEMaTHKOI0. SIK IHCTpYMEHT, 1110 3a0e3ne4ye popMyBaHHsS 0Aa30BUX OHTOJIOTiH, BUKOPHCTOBYETHCS PENAKTOP OHTO-
soriit Protégé 4.2. OquuM i3 MOAYIIiB po3p00ICHOT CHCTEMH CEMAHTUYHOTO aHaNi3y, 110 3a0e3Meuye AOCTYII 10 OH-
TOJIOTI1 Ta Ta€ MOMJIUBICTH 11 0OPOOKH, MOBIHHEH BUKOPUCTOBYBaTHUCS Java-(hpeiiMmBopk Apache Jena, skuit popmye
IporpaMHe cepenoBuIne st podoTtH 3 ganumu B popmarax RDF, RDFS ta OWL, a Takoxk miaTpuMye MOXKIUBICT
(dopmyBaHHS 3anuTiB 10 oHTONOTIi Ha MOBI SPARQL. Oco0mmBIiCcTIO JAaHOTO MiAXOMY € 3B'I3yBaHHS iHGOpMAIiHHIX
pecypciB TPHOXIUIATGOPMHOTO ySBICHHS AUCIUIUIIHAPHOI CTPYKTYPH B KOHTEKCTI BUSIBICHHS 3B'A3KiB IIOMIX ITPO-
¢eciiinumu KomneTeHTHOCTSIMH. Pe3yibraTn. Po3pobieno mozens ta ctpykrypy I1T-opieHTOBaHOTO OHTOJIOTIYHO-
ro (GppeiMBOpKY, NPU3HAYEHOTO JUIs 3a0e3reueHHs] KOHBEPIeHIiT KOMIIOHEHTIB TPhOXIUIaTGOPMHOT0 iH(pOpMaIiii-
HO-KOMYHikamiiiHoro cepenosuma BH3. CdhopmoBaHa cTpykTypa OHTOJIOTiII — OCHOBHM 0a3W 3HaHb, K4 OMHCYE
KITIOYOBi 0COOIMBOCTI OCBITHIX CTaHAAPTIB ramy3i «lHpopmaniiiai TexHonorii». HaykoBa HoBu3Ha. B pamkax mpo-
eKTyBaHHS Ta GOpPMYBaHHS CTPYKTYpH ITUCIUILTIHA Tany3i «[HpopmarliitHi TeXHOIOTi1», B KOHTEKCTI KOMIIETCHTHi-
CHOTO TIXOAY 0 OCBITH, IPOIIOHYETHCS apXiTeKTypa CHCTEMH CEMaHTHYHOTO aHaJi3y JECKPHUITOPIB KOMIIETEHT-
HOCTEH, 10 peami3ye alrOpHTM iHTEerpamii OHTOJOTIYHOI Ta MPOAYKLIIHHOI MOAeNeH ysSBICHHS 3HaHb NPO OCTi-
JDKyBaHy TnpeaMeTHy oOnmactb. IlpakTumuHe 3HavyeHHs. [IponoHOBaHMHN MiAXix J03BOJISE CUCTEMAaTH3yBaTH KOH-
TEHT, CTPYKTYpPY Ta 3B'SI3KM KOMIIOHEHTIB oOJyiacTi iH(OPMAIIMHUX TEXHOJIOTIH Ul KOPHUIYBaHHS CIIEKTPY
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(hOopMOBaHUX KOMIIETEHTHOCTEH MpHU po3poOIi ocBiTHIX mporpam migroroku [T-¢axiBuiB B yHiBepcHTeTI, 3 ypaxy-
BaHHSIM PO3LIMPEHHS chep 3aCTOCYBaHHS KOMIITOTHHTY.

Knouosi cnosa: KOMITIOTHHT; KOMIIETEHTHOCTI; iH(QOpMAIIiifHI TEXHOJIOTIi; TpeTs miaTtdopma; 3B'sI3KH; OHTOIIO-
Tisl; TUCIHIUTIHAPHA CTPYKTYPa; AECKPHUIITOP

G. M. KOROTENKOY", L. M. KOROTENKO?", A. T. KHAR®

YDep. «Geoinformation Systems, State Higher Educational Establishment «National Mining University», D. Yavornytskyi Av.,
19, Dnipro, Ukraine, 49600, tel. +38 (050) 671 22 68, e-mail gkorotenko@gmail.com, ORCID 0000-0003-3774-5260

ZDep. «Software Engineering», State Higher Educational Establishment «National Mining University», D. Yavornytskyi Av.,
19, Dnipro, Ukraine, 49600, tel. +38 (050) 985 61 99, e-mail leonid_korotenko@ukr.net, ORCID 0000-0002-2236-0205

*'Dep. «Software Engineering», State Higher Educational Establishment «National Mining University», D. Yavornytskyi Av.,
19, Dnipro, Ukraine, 49600, tel. +38 (099) 777 05 75, e-mail alenah@ukr.net, ORCID 0000-0003-3176-7792

CREATION OF IT-ORIENTED ONTOLOGICAL FRAMEWORK FOR
THE PURPOSE OF MAKING EDUCATIONAL PROGRAMS ON THE
BASE OF COMPETENCIES

Purpose. Taking into account the expansion of computing application scopes there is a need to identify the links
and features of the constantly emerging professional competencies of the new sections of computing knowledge to
improve the process of forming new curricula. Methodology. Authors propose the new approach aimed to build
specialized knowledge bases generated using artificial intelligence technology and focused on the use of multiple
heterogeneous resources or data sources on specific educational topics is proposed. As a tool, ensuring the formation
of the base ontology the Protégé 4.2 ontology editor is used. As one of the modules of the developed system of se-
mantic analysis, which provides access to ontology and the possibility of its processing, the Apache Jena Java
framework should be used, which forms the software environment for working with data in RDF, RDFS and OWL
formats, and also supports the ability to form queries to Ontologies in the SPARQL language. The peculiarity of this
approach is the binding of information resources of the three-platform presentation of the disciplinary structure in
the context of identifying the links of professional competencies. Findings. The model and structure of the IT-
oriented ontological framework designed to ensure the components convergence of the university three-platform
information and communication environment are developed. The structure of the knowledge base ontology-basis,
describing the main essence of the educational standards of the “Information Technologies" branch is formed. Orig-
inality. Within the framework of design and formation of the knowledge sector disciplinary structure "Information
Technologies” in the context of the competence approach to education, the architecture of the competence de-
scriptors of semantic analysis system is proposed. It implements the algorithm for integrating the ontological and
product models of knowledge representation about the subject domain. Practical value. The proposed approach
allows systematizing the content, structure and connections of the information technologies field components for
adjusting the range of competences formed in the development of educational programs for training IT specialists at
the University, taking into account the growth of the field of computing.

Keywords: computing; competency; information technologies; third platform; connections; ontology; discipli-
nary structure; descriptor
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BJIUAHUE XUMHNYECKOI'O COCTABA YYI'YHA HA MEXKX®A3HOE
PACHPEJAEJEHHUE CR ITIOCJIE OT7KUT A ITPH 690 °C

Hean. B Hay4yHO#l paboTe HEOOXOAUMO YCTAaHOBHTH BiIHMsSHHE XUMHUecKoro cocraBa Fe—C—Cr—Mn—Ni uyryHa
Ha COJeplKaHHe XpoMa B METaJUTMUECKO OCHOBE, kKapOuaax, a Takxke Kod(uiuueHT Mex(a3Horo pacrpeaeseHus
xpoMa mnocie orxkura mnpu 690 °C (KPCr(’gO). Metoauka. HccnenoBanu uyryssl, conepxauue 1,09-3,91 % C;
11,43-25,57 % Cr; 0,6-5,4 % Mn; 0,19-3,01 % Ni u 0,8-1,2 % Si. AHaIM3 pacnpenescHuss XpoMa TPOU3BOTIITH
C HUCTIONB30BAaHUEM METOJIOB MAaTEMAaTHISCKOW CTATUCTUKHU. UyTyH BBIIUIABISUIH B MHIYKIIMOHHON MEYH €MKOCTBIO
60 kr. Pesyabrarhl. IIpuMeHeHIE METOOB aKTHBHOTO ILTAHMPOBAHHS SKCIIEpHMEHTa 2! T03BOMMIO YCTAHOBHTE
perpeccroHHbIE 3aBUCMMOCTH KOHLIEHTPAIMK XpOMa B OCHOBE U KapOuax, a Takke KodQQUIHeHT ero MexdazHoro
pacupenenenus ot coaepxanus B uyryre C, Cr, Mn u Ni. Xpom nocie oTKura nIpeuMyIIecTBEHHO KOHIICHTPHPO-
Bajics B kapoumax. ComepkaHue XpoMa B OCHOBE M3MeHsiach oT 3,94 % mpu 3,23 % C, 5,4 % Mn, 11,43 % Cr
u 3,01 % Ni— no 17,43 % npu 1,09 % C, 0,60 % Mn, 25,57 % Cr u 1,32 % Ni. MunumMasibHoe 3HaueHHE K03 hu-
[IMEHTa pacIpeeIeHUs KPCr690 cocraBwio 2,1 B uyryne cocrasa 1,09 % C, 0,6 % Mn, 11,43 % Cr u 0,19 % Ni,
a makcuManbHoe — 9,4 mipu 3,91 % C, 0,6 % Mn, 11,43 % Cr u 3,01 % Ni. Pacnipenenenue xpoma Onpeaesiioch
KOJIMYECTBOM U THIIOM 00pa3yIOMIMXcsi KapOumoB. B mporecce oTkura cocTaB KapOumoB (hopMUpPOBAJICS B pe3yiib-
TaTe KOHKYPUPOBAHUS KapOUI000pa3yIOIINX AIICMCHTOB M 3aMCIICHHSI aTOMOB JKelle3a M MapraHIla aTOMaMHU Xpo-
Ma. HayuyHasi HOBU3HA. ABTOpaMH TTOyYEHBI PETPECCHOHHBIC 3aBHCUMOCTH COZEPIKaHUSI XpOMa B OCHOBE, KapOu-
JaX A KOA(PPHUIHUEHT ero MeX(pa3zHOTO paclpelneieHus oT xummudeckoro cocraBa Fe—C—Cr—Mn—Ni dyryHa mocie
omkura mpu 690 °C. IIpakTuyeckasi 3HAYUMOCTb. [loTydeHHBIC 3aBHCHMOCTH ITO3BOJISIOT MPOTHO3MPOBATH CO-
JIepKaHAE XpoMa B METAIIMYECKOW OCHOBE U MOTYT OBITh NCTIOIB30BAaHBI IPU Pa3paboTKe HOBBIX COCTaBOB H3HOCO-
CTOWKHX YYT'YHOB, a TaK)Ke IIPH BEIOOpE pEKUMOB TEPMUIECKOI 00pabOTKH.

Knrouesvie cnosa: ayryH; XpoMm; paclpeerieHie; Kapou, MeTaJutndeckasi OCHOBA

BBeaenue 10, 11]. OcobeHHO CHIIbHBIC U3MEHEHUS] XUMHUE-
CKOI'0 COCTaBa METAJNIMYECKON OCHOBBI IPOTEKAIOT
B JIOKQJIBHBIX 00beMax Bo3zie kapoumos [19]. T'o-
MOTEHHM3AIN METAITNYECKON OCHOBBI 3aTPyAHEHA
M3-3a CWJIBHOTO JISTUPOBAHUS TBEPJIOTO PacTBOpA.
BrIcOKOXpOMUCTEIE YyTYHEBI, JISTHPOBAHHBIE Map-
TaHIIEM W HUKEJIeM, ITOJBEPraloTCsl OTXKHUTY JUIS CHS-
TUSI HANPSHKCHUH WIM MPUAAHUAS UM HEOOXOIMMBIX
cBoiictB. [To 'OCT 776982 [4] pekomeHmyeTcst st
CHIDKEHHS TBEPJOCTH M YIIy4IIIeHHs] 00padaThIBaeMo-
CTH PE3aHHEM OTJIMBOK M3 BBICOKOXPOMHCTBIX UyTY-
HOB TPOBOJUTH OTXHI (BBICOKOTO OTITyCKa) IIpU

[IpuMeHeHnEe KOMIUIEKCHOTO JICTUPOBAHUSI BBI-
COKOXPOMHCTBIX YYTYHOB MO3BOJISIET (HOPMHUPO-
BaTh B HUX CTPYKTYPHI, COCTOSIINE U3 3aJJaHHOTO
THMA KapOUJOB M COOTBETCTBYIOIIEH MeTayuIhye-
CKOW OCHOBBI, YTO CYNIECTBEHHO TOBBIIIACT DKC-
ITyaTallHOHHBIE CBOMCTBA JIUTHIX meraner [16—18,
20]. B mepuoa KpuCTATU3ANMKA U OXJIAXKIACHUS B
ATHX YyTyHax 00pa3yroTCs HEPaBHOBECHBIE CTPYK-
TYpBI, BCIEACTBUE YEro MPU TEPMHUYECKOH 0Opa-
00TKe cojiepKaHUe XpoMa B KapOuaX MOBBIIIACT-
cs, a B METAJUIMYECKON OCHOBE — CHIDKaeTcs [3, 5,
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963-1023 °K (690-750 °C) ¢ BBIIEp)KKOM B TCUCHHE
6—12 9acoB 1 OCTEIYIOIINM OXJIAKACHUEM C TIEYBIO.

[epepacnpeneneHue 3JIEMEHTOB MEXAY CTPYK-
TYpPHBIMH COCTAaBISIIONIMMH B TIPOIIECCE OTXKHTa
CBs13aHO C (hOpMHpPOBAHUEM KapOWIOB Pa3IMIHBIX
TUTNIOB. XpOM U MapraHell SBJISIOTCS dJIEMEHTaMH,
KOTOpBIE PacIIpeNeNsIFoTCs MeXAy KapoumHou da-
30 M MeTaJTMIecKoi ocHOBO# [3, 11, 15]. B me-
THPOBAaHHBIX XPOMOM YyTyHaX BBEJCHHUE MapraHIia
COIIPOBOXKAAETCA TIepepacipeeliecHHeM aTOMOB
XpoMma MEXIy MaTpHIleld W KapOumamu. YBelnde-
HHUEe Mn, cnocoOCTBYsl TIOBBINICHUIO KOHIICHTpA-
UM XpoMa B KapOWaax, MPUBOAMT K CHUKEHHIO
€ro CoJlepKaHMs B JIOKAJbHBIX 00beMaX MaTPHIIBI
BOM3M KapOumoB [19]. Ilpu KoHIIEHTpaKH Xpoma
MmeHee 12 % cHmKaeTcss KOpPO3UOHHASI CTOMKOCTh
mnenuit [5, 6, 8, 13]. [loaromy BO3HMKaeT HEOO-
XOJIUMOCTh 00ecTiedueHus 3aJaHHOH KOHIICHTPaInn
XpoMa B METAJUTUIECKON OCHOBE, 0COOCHHO, BOJIH-
31 MeK(a3HbIX (KapOua-MaTpuLa) TpaHull.

Hukens, crmocobcTByst 00pa3oBaHUIO ayCTEHU-
Ta, CHI)KAeT PacCTBOPUMOCTH YTIIEpoAa, 0COOEHHO
IIpU BBICOKHX TeMImeparypax [6]. OqHOBpeMEHHO
C OTUM, aTOMBI HUKENS NPAaKTUIECKH OTCYTCTBYIOT
B KapOuaHoU (ha3e, B OCHOBHOM JIETHPYS TBEPIIbIC
PacTBOPHI XPOMCOIEpKaNuX criaBoB [3, 11].

B paborax [2, 7, 9] uccnenosanoch pacnpenesne-
HHUE DJIEMEHTOB B BBICOKOXPOMHCTBIX UyTYHaX M MX
nepepacrpezieficHie TIpu TepMHYECKOH 00paboTKe,
OJHAKO He OBbLIO y/EeNeHO AOKHOTO BHUMaHHS Npo-
1eccam, MPOTEKAIOIINM B OKOJIOKapOHTHBIX 30HaX.

B mporiecce kpucTamim3ani YyryHOB W OXJIa-
JKICHUN OTJIMBOK B JINTEHHOU (hopMe 00pa3yroTcs
KapOWIbI HEPAaBHOBECHOTO COCTaBa, YTO CBA3AHO C
HENPEPHIBHBIM OXJIAK/IEHUEM K HEIIOJHBIM BBI-
paBHHMBaHHEeM cocTaBa (a3. B mpomecce orxwura
NPOMCXOAMUT TIepepaclpeieieHHe dJIEMEHTOB Me-
Kay ¢azamu ¢ oOpa3oBaHneM Ooiee PaBHOBECHBIX
CTPYKTYp, 0ONagarommx MUHAMYMOM CBOOOIHOM
SHEPruy mpu Temmeparype oOpaboTku. [losblme-
HUE COIePIKaHUS XpOMa CTaOWMIH3UPYyeT KapOUIbI.
OcobeHHOCTRIO TIpoItecca (GopmMupoBaHus KapOu-
JIOB B TBEPIIOM COCTOSHHHU SIBIISICTCS TepeMeHHast
pacTBOPUMOCTh B HUX XpOMa W Maprasiia, 3aBH-
cAImas ot TeMreparypsi [3, 5, 12].

OmHUM U3 OCHOBHBIX BHJIOB TEPMHUYECKON 00pa-
OOTKHM JUTHsI ABISIETCSI OTKUT. ET0 MpUMEHSIOT A7Ist
yITydireHus: 00padaThIBAEMOCTH OTIMBOK, DKCILTya-
THUPYEMBIX B YCIIOBHSIX KOPPO3HOHHOTO BO3IEHCTBUS
cpensl. B mpouecce oTkura colepikaHhe Xpoma
B KapOujax TOBBIINIAETCSA, a B JIOKAIBHBIX 30HAX

BO3JIe KapOumoB cHmkaercs [3, 11], yro HeratuBHO
BIIMSIET HA KOPPO3HOHHYIO CTOMKOCTD U3ZEIIHIA.

Amnanuz pa6or [2, 7, 9, 13—15] cBugerenscTBy-
€T 0 HEOOXOJAWMOCTH TPOBENEHUS IOMOIHUTEINb-
HOTO M3Y4eHHs MeX(]Pa3HOTO pacIpeeeHn: Xpo-
Ma B BRICOKOXPOMHUCTHIX UyTYHaX.

ean

Ienp pabGoThl — aHANN3 BIUSHUS XUMUYECKOTO
COCTaBa BBICOKOXPOMHUCTBIX UYT'YHOB Ha Mexdas-
HO€ pacIpeleleHUe XpoMa B TEUEHUE OTXKUTA IIPU
690 °C.

MeTtoauka

CepHio BBICOKOXPOMHUCTBIX UYYyTYHOB COCTaBa:
1,09-3,91 % C; 11,43-25,57 % Cr; 0,6-5,4 % Mn;
0,19-3,01 % Ni u 0,8—1,2 % Si BEIIUIABISAIN B UH-
JIYKITMOHHOM TI€YU C OCHOBHOHN (DyTEpOBKOU eMKO-
cteio 60 kr. TemmepaTypa pasziuBKH 4YyryHa CoO-
craBsuia 1390-1410 °C. O6pa31is! ueciea0Baluch
B JINTOM COCTOSIHUU W IIOCJIE OT)KUTa B TEUEHHUE
9 yacoB npu 690 °C. CTpyKTypHBIA aHaIU3 Mpo-
BOJAWIN C HWCHOJH30BAHMEM METOIUK KOINYeCT-
BeHHOH MeTtamuiorpadun [1]. XuMudeckuii cocTaB
METaJNTMYECKOW OCHOBHI U KapOWIOB ONpeAeisin
B JIOKANbHBIX TOUKax Ha MuKpockorie PEM 1061.

Jns  mocTtpoeHuss MaTeMaTU4ecKoW Mojenu
pacmpenenenusi xpoma B cucreme Fe—C—Cr—Mn—
Ni ucmonp30Bajd METOJ aKTHBHOTO IUIAHMPOBA-
HUSA dKcriepuMenTa (taba. 1).

Tabnuna 1

MaTpuua miaHupoBaHusA APOOHOPAKTOPHOIrO
skcnepumenta 2!
Table 1

Matrix of fractional factorial experiment
planning 2*!

YpoBeHb BapbHpO- daxTop, Macc. %
BaHHs (haKTOPOB C Cr Mn Ni
OCHOBHOI 0 2,5 18,5 | 3,0 1,6
HurepBan A 1,0 5,0 1,7 1,0
3pesanoe | ian | 141 | 707 | 24 | 141
TUIEY0
+1 3,5 23,5 | 4,7 2,6
Bepxnue
+1,414 | 391 | 25,57 | 5,4 | 3,01
-1 1,5 13,5 | 1,3 0,6
Hwxnne
-1,414 | 1,09 | 11,43 | 0,6 | 0,19
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Kosbdumment pacnpenerenns xpoma (KPe™?)

ONpEACSUIA KaK OTHOIICHHUE COACPIKAaHUS Xpoma

B KapOumax (Cr™") K ero comepKaHMIO B OCHOBE
690

(Cro™).

Pe3yabTathl

B mpomecce orxura mpu 690 °C o>y mpeBpa-
HICHUI He HaOII0AaIoch. MeTamunyeckas OCHOBa
qyTyHOB ObUTa (DeppuTHOU, heppHUTOAyCTCHUTHOM
W ayCTEHWTHOW (B 3aBHCHMOCTH OT €T0 COCTaBa).
B TeueHue BBLACPKKU MPH OTXKHUIEe HAOIIOAATOCH
nepepacrpeieiecHue XUMHUECKUX JJIEMEHTOB Me-
KTy KapOWJaMHu U OCHOBOM ¢ oOpa3oBaHHEM paB-
HOBECHBIX (has3.

[Iporexanue nuddy3noHHBIX MpolleccoB obec-
MEYNBAIO CHIKCHUE XMUMHUYECKOW HEOJHOPOHO-

x1.50k

20.00kV
a—a

‘WD=10.7mm

ctr yyryHa. Kak mokasaim vccieoBaHusl, HUKEIh
MPAKTHYECKU TIOJHOCTHIO OTCYTCTBOBAJ B KapOW-
nax. OJHOBPEMEHHO C ATHM, IMPOMOPIHUOHATHLHO
VBEIUUCHHUIO COJICPXKAHUS YIIIEpoJia B UYTYHE,
BO3pacTajia KOHIICHTPAIMs HUKENS B OCHOBE, UTO,
B CBOIO OYepellb, OKa3bIBAIO BIMSHHUE Ha pacmpe-
JIeNiecHre aTOMOB MapraHiia u xpoma. bonee Toro,
(dopMHpyeMOe CTPYKTYpHOE COCTOSTHHE METaslTH-
YECKOW MAaTPHIIBl BIMSJIO HA COCTOSHUE MEk(as-
HBIX TpaHull. Tak, B 4yryHax ¢ (eppuUTHON OCHO-
BOW HAOJIONANOCH 3HAYMTEIBHOE PACTPABIMBAHUC
rpanull pasgena ¢a3s (puc. 1). B npoTHBOIOIOX-
HOCTh 3TOMY, B UyTryHaX C ayCTCHUTHOW OCHOBOH
pacTpaBiMBaHWE TpaHMI pasaeia (a3 MmpaKkThude-
CKH He 00Hapy>keHo (puc. 2).

x1.50k

20.00kV

6-b

Puc. 1. CTpyKTyphI 9yTYHOB C (eppUTHOH OCHOBOI1 ITOCTIE TPABICHHUS:
a—1,5%C; 18,5%Cr; 1,3 % Mnu 1,6 % Ni; 6 - 2,5 % C; 23,5 % Cr; 1,3 % Mn u 1,6 % Ni
Fig. 1. Structures of cast iron with ferritic base after etching:

a—1,5% C; 18,5% Cr; 1,3% Mn u 1,6% Ni; 6 —2,5% C; 23,5% Cr; 1,3% Mn u 1,6% Ni

B pesynprare MaremMaTudeckoil 00pabOTKH
AKCIIEPUMEHTANBHBIX JTAHHBIX TOJIYyYeHbI perpec-
CHOHHBIE 33aBUCHMOCTH COJICPKAHHUS XpoMa B

690
Cr,

KapOuaax, OCHOBE, a Takxke Kod((UIIMEeHTa ero
Mex(aszHOro pacrmpesiefieHus] OT COACPIKAHUS B
gyryne C, Cr, Mn u Ni:

=5,082C — 3,867Mn + 2,261Cr + 24,334Ni + 0,033Mn* — 2,696Ni* + 0,906CMn —

—0,245CCr — 3,736CNi + 0,106MnCr — 0,338MnNi — 0,314CrNi + 3,459 (1)
Cr,=—-12,238C + 1,525Cr + 1,776Ni + 0,365C* — 0,022Cr* — 0,721Ni* — 0,041 CCr +

+0,116CNi — 0,006MnCr — 5,224 Q)
KP*" =3,078C + 0,108Mn + 0,026Cr + 3,029Ni — 0,306C> — 0,011CCr — 0,156MnNi —
—0,110CrNi + 0,196(Cr/C) — 3,509 (3)

JlanHble ypaBHEHHUS SBISAIOTCS MaTeMaTHhue-
CK{ BEPOSITHOCTHBIMH (B COOTBETCTBHH C KpHUTe-
pusimu Cteronenta, @umepa u Koxpena). Munu-

MaJIbHbIE W MaKCHMAaJIbHbIC 3HAYCHUS IOJIy4YCH-
HBIX (DYHKIHMIA M COOTBETCTBYIOLINE UM COCTaBbI
npeaCcTaBleHbl B Ta0. 2
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i

[

20.00kV _ x1.50k

WD=11.3Jmm

20.00kV _ x1.50k

Puc. 2. CTpyKTypHI YyT'yYHOB C ayCTEHUTHOIH OCHOBOM IIOCIIE TPABJICHHUS:

a—35%C;185%Cr;54%Mnu2,6%Ni;6—3,5%C; 18,5 % Cr; 5,4 % Mn u 0,2 % Ni;
6-25%C;185%Cr;1,3% Mnu3,0%Ni;e—2,5%C;11,5%Cr; 1,3% Mnu 1,6 % Ni

Fig. 2. Structures of cast iron with austenitic base after etching:

a—3,5% C; 18,5% Cr; 5,4% Mn u 2,6% Ni; b — 3,5% C; 18,5% Cr; 5,4% Mn u 0,2% Ni;
¢—2,5% C; 18,5% Cr; 1,3% Mn u 3,0% Ni; d—-2,5% C; 11,5% Cr; 1,3% Mn u 1,6% Ni

Tabnuma 2

Manma.m,m,le U MAKCUMAJIbHBIC 3HAYECHUS
dynxumii: Cry,,™, Croe,” u KP,*

Table 2

Minimum and maximum values of functions:
Crkap690’ Cr,,cﬂm and KPCrm

g = E Cocras, Macc. %
g 2 5
= o =
> & 5 .
S > @ C Mn Cr Ni
- min | 26,5 | 1,09 | 54 | 11,43 | 0,19
Ty
max | 73,3 | 1,09 | 0,60 | 25,57 | 2,22
oy 6% min | 3,9 [ 323 | 54 | 11,43 | 3,01
I
’ max | 17,4 | 1,09 | 0,60 | 25,57 | 1,32
KP..6% min | 2,1 | 1,09 | 0,60 | 11,43 | 0,19
Cr
max | 9,4 | 3,91 | 0,60 | 11,43 | 3,01

Ananu3 GyHKIUH Crmp690 IIOKa3bIBAET, YTO

MaKCHMaJbHOE KOJHMYECTBO XpoMa B KapOumax
73,3 % uUMeno MecTo MpU MaKCUMaIbHOM COJIEp-
’)kaHuM B yyryHe Cr, MUHUMaJbHOM KosnndecTtse C
1 Mn u 2,2 % Ni. [Ipu 5TOM XUMHYECKOM COCTaBe,
nocie oxkura npu 690 °C, B yyryHe o0Opa3oBbIBa-
JIUCh BBICOKOXpOMHCTHIE Kapouasl Cry3Ce, comep-
JKallieé MHUHWUMANbHOE KOJMYECTBO  yTiepona
(5,5 %) u xeneza. YBeNIUYCHHE COJICPIKAHUS HU-
kens a0 1,32 % He okazano CyIIeCTBEHHOI'O BIIHSI-
HUS Ha paCTBOPUMOCTH YTIIepojia B ayCTEHUTE, YTO
MO3BOJIMJIO JAOCTHUTHYTh MaKCHMaJbHON KOHIICH-
TpaluMK XpoMa B MeTaJuIMdeckoil ocHoBe. I[Ipu
2,2 % HuKeas HaOIIo4aIl MaKCHUMaIbHOE KOJIHYe-
CTBO XpoMa B KapOugax (cM. Tabi1. 2), 4TO CBS3aHO
CO CHIDKEHHEM PacTBOPUMOCTH YIJIepoJa B OCHOBE
u TpaHcdopMmanmeii kapOuaHOW a3kl B BBICOKO-
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xpomucteie Kapounbl (Cr,Fe);C;. Dto monrBep-
JKAAeT paHee MOoTydeHHbIe pe3yapTarsl [10].

MuHuManesHOE COAEpKaHHE XpoMma B OCHOBE
(cm. Tabxn. 2) HaOmromanu Mpu MHHAMAIBHOM KO-
mugectBe Cr B YyryHE M MaKCUMAaJIbHOM KOINYe-
ctBe Mn u Ni nipu 3,2 % C. [1oBblllieHHE KOHIICH-
Tpauuu yriepona cBeime 3,2 % crmocoOCTBOBANIO
obpazoBannio kapommoB Me;C;, JIeTHPOBAaHHBIX
XpOMOM C OOJBIIMM COJEpXKaHWEM YTiIepoaa
(8,8 %), 4TO YMEHBIIWIO KOJIMYECTBO KapOUIHOM
(a3bl W HE3HAYHUTENHHO TIOBBICHIIO COJIEpKaHHUE
XpoMa B OCHOBE.

Haunmensiuee 3nauenue koaddunuenta KPe,
(2,1) ycTaHOBJEHO TPH MHUHUMAILHOM COJlEpKa-
ann B uyryHe C, Cr, Mn u Ni (cm. Tabm. 2).
B mpornecce omxura HeMEeHTHUT TpaHCHOPMHUPOBAI-
cs B kapounasl Fe;C;, comeprkaniue Oonpliee KO-
YECTBO XpOMa.

MakcumanbHoe 3Hauenue koddduimenta KPe™”
(9,4) Habmopany Npy MaKCUMAJIBHOW KOHLIEHTPaIUH
yIJIeposia ¥ HUKETs TPU MHUHUMAITEHOM KOJHYECTBE
Mn u Cr, 9ro cBsi3aHO C 00pa3oBaHHEM OOJBITIOTO
konmmyectBa Kapouno Fe,Cs, cTaOmimsupoBaHHBIX
XPOMOM TIPH OTXKHTE, U 3HAYUTEIEHBIM 00 THEHUEM
METaIITMIECKOW OCHOBBI Ha XpOM.3aBUCHUMOCTH CO-
JepKaHusl XpoMa B KapOWAax OT KOJHYecTBa B
gyyryne C, Cr, Mn u Ni Ha pa3HbIX ypOBHSX IJIaHa
MpeJICTaBJIeHbI HA puC. 3.

VYBenmuuenue conepxkanuss Mn u Ni B yyryHe
H3MEHSI0 METAJUINYECKYI0 OCHOBY OT (peppUTHOI
nmo aycreHuTHod. [lpm QopmupoBaHHM OCHOBBI
B BHJIE AyCTEHHUTA PACTBOPHMOCTH yTJIEpPOJIa PE3KO
noBbllIanack. JlanpHeillliee JerMpoOBaHUE YYTyHA
MapraHIiieM CIIOCOOCTBOBAJIO BO3PAaCTaHUIO, a HU-
KEeJIeM — CHIDKCHHIO PacTBOPUMOCTH YTiepona
B ayCTECHUTHON OCHOBE.

Kak moka3zano B [17], cootHomenue Cr / C om-
pemenser Tun oOpasyromerocs kapowma. Ilpwm
CHIDKEHUH KOHIIEHTpAallMd aTOMOB aKTHUBHOIO yT-
nepona HabromaeTcs o0pa3oBaHHE HHU3KOYTIIEPO-
MUCTBIX ~ XpOMCOJEpKalnxX KapoumaoB MeyCs
(5,5 % C), xoTopsie B Tpollecce OTKHTa TpaHC-
¢dopmupytorcst B Me;Cs. Tlpu Bo3pactaHuu J0iu
aKTUBHOTO YIJIEpoJa MPOHWCXOIUT OOpa3oBaHUE
Me3C (6,7 % C), Me7C3 (8,8 % C) n MC3C2
(12,5 % C) [10]. IIpu 0,2 % Ni u 5,4 % Mn

pacTBOPUMOCTh YTJIepoJa B OCHOBE IOBBICHIACH,
a KOJHMYECTBO AaKTHBHOTO YTJIEpOJa CHHU3HIIOCH.
B mermom, yBenmdeHue KOIMYeCcTBa yriiepoaa B 9y-
TYHE BBI3BAIO B MpOILECCE OTXKHra oOpa3oBaHUE

690

BBICOKOXpOMHUCTHIX KapoumoB Cr;C; (9,0 % C)
u Cr3C; (13,3 % C) (cm. puc. 3).

280
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Puc. 3. Brusane C, Cr, Mn u Ni Ha conepkanue Cr,%°

Fig. 3. Influence of C, Cr, Mn and Ni
on the content Cr,**°

B uyrymax, comepxkammx 11,5 % Cr,
0,6 % Mn u 0,2 % Ni, mocie oTkura Hadroma-
nuch kapounel Me;C u Me,C;, crabunm3npoBaH-
Hble XpoMoM. [loBbITIeHHEe conmepkaHus yriepoaa
B 3TOM YYryHE YBEIHYMJIO COJEp)KaHHE XpoMa
B KapOugax (cM. puc. 3) u3-3a YBEIHUYCHHUS TOJH
kapoumo Me;C; B pesynbrare TpaHchopmamuu
IIEMEHTUTA, YTO coryiacyercs ¢ maHHeMu [3, 10,
11]. JlernpoBanue 4yryHa MapraHieM yBeIUYUBa-
JI0 pacTBOPUMOCTb YTJIEpOJia B OCHOBE U MOBHIILIA-
JI0 KOHIICHTPAIMIO XpoMa B KapOuiax.

Poct conmepxaHusi XxpoMa B 4YyryHe ITOBBIIIAN
ero KOHLEHTpalMI0O B KapOuaax, a yBeTUueHHE
yriepoaa cHmWkano. Takum o0pa3oMm, MPOIECCHI,
MpoTeKaroiue B KapOwmHoH (asze, MOKHBI OKa-
3bIBaTh BIMSHUE U HA COAEPKAHME XPOMa B OCHOBE
(puc. 4).

[Ipn yBenuuennn comepkaHusl XpoMma B UyTy-
He, (opMHpOBaHUE KapOWIOB pa3IMYHBIX THIIOB
NPUBOIUT K HApPYyIICHHIO MPONOPIHOHAIBHOTO
MPUPOCTA €r0 KOHIEHTPAIMH B METaLUTUYEeCKOH
OCHOBE.
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C moBBIIIEHHEM COJICpIKaHUsI yriepoja B 4y-
ryHE HaONromaeTcsl CHUXKeHHE KoHieHTpauuu Cr
B €ro OCHOBE. DTO CBSI3aHO C MPHUPOCTOM MpHU OT-
JKUTe KOJMYECTBA KapOUIOB C BBICOKHM COJEpKa-
HUEM XpOMa, HE 3aBHCHUMO OT COJICpXaHUs Map-
ranma u Hukens. Hawmbonee cuiIbHOE BIHSHUE YT-
neposa Ha Clog” " MPOSBIANOCH MPH yBEIHYCHHH
ero KOoHIeHTpanuu 10 2,5 % (cm. puc. 4).
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Puc. 4. Bnusuaue C, Cr, Mn u Ni
Ha cogepxanne Cr,””"

Fig. 4. Influence of C, Cr, Mn and Ni
on the content Cr,*”

BrusiHue HHUKENs NPOSBIAIOCH B CTabMIM3a-
MU UM ayCTE€HHTa U M3MEHEHUU PacTBOPUMOCTHU
yIIepo/ia B OCHOBE.

Crnenmduieckoe BIMSHAEC MapraHiia Ha COaep-
JKaHWe XpoMa B KapOuaax U OCHOBE, IOCIIE OTKHTa
YyTyHa, CBS3aHO C JIBOMCTBEHHOH MPUPOAOU Map-
TaHIla ¥ ero pachpeneneHneM Mexay dazamu. [lpn
HU3KUX KOHIIeHTparusax mapranna a0 1,0 % B BeI-
COKOXPOMHCTOM 4YyryHe Mn NpeuMylIeCTBEHHO
COCpEeIOTaunBaeTCsl B METAIMYECKOH OCHOBE.
Jons mapraniia B kapbujgax yBeIHUMBAETCS HpU
TIOBBIICHUN COACPKaHHUS MapraHia B UyTyHE HIIH
CHUXEHUH B HEM KOJIMYECTBa Xpoma [3].

CosmectHoe Biusaue C, Cr, Mn u Ni Ha Ko-
>¢¢uuuent pacupenenenns xpoma (KP¢,*’) moka-
3aHO Ha puc. 5.

BnusiHue yrnepoma Ha pacnpeneleHue Xpoma
CBSI3aHO C U3MEHEHHEM KOJIMYecTBa M THUIa o0pa-
3yIOmuxcsi KapouaoB. Xpom, obnamas OONbIINM
CXOJICTBOM C YITIEPOJOM, YEM JKeNe30, MapraHell
U HUKeNb, BCTYIIA€T C HUM BO B3aMMOJIEiicTBUE,
OJTHAKO, B IpoIiecce OXJIaKAEeHUsI 00pa3yloTcs He-
paBHOBECHBIE CTPYKTYphL. B mporecce tepmuue-
CKOll 00paboTkn Habmogamock (opMUpoBaHUE
PaBHOBECHBIX CTPYKTYp IpPU HCIOJIB3YEMOH TeM-
nepaType OTKura.
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Puc. 5. Bmusane C, Mn, Cr u Ni Ha MexdaszHoe
pacnpenenenne xpoma — KPe, ™’

Fig. 5. Influence of C, Mn, Cr and Ni on the interphase
distribution of chromium — KP¢,**°

B uyrynax, cogepxammux 11,5 % Cr, 1,1 % C,
0,6 % Mn u 0,2 % Ni, 00pa30BbIBAIUCH KapOUIbI
Me,C;. Poct comepxaHusi XpoMa B 4yr'yHE MOBBI-
Iaj ero KOJUYECTBO B KapOHMIaX M COOTBETCTBCH-

690
Ho yBenmuuuBai 3HadeHue KPq, (cm. puc. 5). [lpu
YBEITUUEHUH COJCPKAHHS YTiepoja B 4yryHe OJi-
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HOBPEMEHHO MPOTEKAIN TMPOIECCHl YBEIHMYEHUS
KOJINYECTBa KapOWJIOB M TIOCTEIICHHOTO 3aMelle-
HUsS KapOounoB Me;C; xapOugamMy LEMEHTUTHOTO
tuna. [Ipeobmaganue nporecca oOpa3oBaHUs Kap-
OWIIOB CYIIECTBEHHO CHIKAJIO KOHIICHTPAIIHIO
XpoMa B OCHOBE M yBeIMUHBaso 3HaueHne KP¢,*,
HECMOTps Ha TO, 4To Kapouael Me;C comepixanu
MeHbIIIee KOJIMIECTBO XpoMa, ueM Me;C;.

[lpu coxmepxxannu B UyryHe xpoma Oolee
18,5 % mpouecc odpazoBanus kapounos Me;C He
HaOIoaNCcs. YBennueHne KOINYecTBa KapOHuIoB
Me,C;, co 3HaUnTENHEHO OONBIICH KOHIIEHTPAIMEH
XpoMma, 4eM B IIEMEHTHUTE, CIIOCOOCTBYET 00eIHe-
HUIO METaJUIMYECKOW OCHOBBI TIO XPOMY M ITOBBI-
IaeT HEPaBHOMEPHOCTh €ro  pacupereseHus
(cwm. puc. 5).

PocT konnuecTBa MapraHiia B 4yryHe, ¢ OJHON
CTOPOHBI, YBEIHMYMBAET PACTBOPHUMOCTH yTiepojia
B OCHOBE W CHIDKAeT KOJIMYECTBO KapOHUIOB.
C npyroil CTOPOHBI, BBHI3BIBAET IMOBBIIICHHE KOH-
[EHTpalMy XpoMa B KapOWgax BCIEICTBHE IPO-
[IECCOB 3aMEIIeHHs] aTOMOB MapraHiia aTOMaMHu
XpoMa mpu (OPMHUPOBAHMM PpaBHOBECHBIX (a3
c Oomee HUBKUM ypOBHEM CBOOOJIHOU »Heprue.
Tax, mpu cogepxannn 0,2 % Ni mMapraner mnpax-
TUYECKH HE OKa3bIBaN BIMSHUS Ha pacrpeseieHue
XpoMa mocje oTxura. HepaBHoMepHOCTH pacmpe-
JIEJIEHNs] XpoMa B YyT'yHE OCTaBajlaCh HEM3MEHHOU
MpH coAepKaHUM HUKeNs BILIOTH 70 1,6 % (cm.
puc. 5).

ITpu 3,0 % Ni yBenuueHue comepKaHHUs Map-
raHma B 4yryHe cumkano kosdduument KPq®”,
YTO CBSI3aHO C 00pa3oBaHUEM YCTOMYUBOTO aycTe-
HUTa C BBICOKOH PacTBOPUMOCTHIO yriiepoa. Bmm-
STHA€ MapraHIiia, COCOOCTBYSI PacTBOPUMOCTH YT-
Jepoja B OCHOBE, MMpeodiIagano HaJl Ka4eCTBEHHO
MPOTHUBOIIOJIOKHBIM BIUSHUEM HUKEJISL.

YBennueHne KOJIMYeCTBO KapOUIOB IMOBHIMIANIO
KOHIICHTPAIIMIO HUKEINsi B OCHOBE M HepaBHOMEp-
HOCTh pacnpeznesieHus: Xpoma B ocHoBe. OCOOEHHO
CHJIBHOE BIIMSIHUE HUKEIS MPOSBISUIOCH B UyTyHAX,
conmepxkammx 11,5 % Cr. IlpupocT KOHIIEHTpaIuu
Hukens B uyryne ¢ 0,2 % mo 3,0 % npu comepxa-
Huu 1,1 % C moBbicui 3HaueHHE KO3 UIHMEHTa
KP.* ¢ 2,1 10 6,8, a mpu 3,9 % C ¢ 4,6 10
9,4 (cwm. puc. 5).

AnHanu3 oOnacTei, colep)KaliuX pa3Iu4HBIN
YPOBEHb XpOMa B OCHOBE IIOCIE OTXHra NpHU
690 °C (puc. 6), MO3BOJIAI ONPEICTUTh ONTUMATh-
HBIE COCTaBbl YYT'YHOB JJsI Pa3IMUHBIX YCIOBHUIM
sKcruTyatanuu. i w3nenvit U3 4yryHa, SKCIUTya-

TUPYEMBIX B KOPPO3MOHHOM cpeje, Ipu conepa-
HUM XpoMa B OCHOBE He MeHee 12 %, onTuMaibHOe
COEPKAHUE OJIEMEHTOB JOIDKHO  COCTaBISITH
1,0-1,6 % Ni, o 1,0 % Mn, mo 2,5 % C npmu
19,5-25,5 % Cr (cm. puc. 6).

Jns m3nenuil, SKCILUTyaTUPYyEMBIX B YCIIOBHUSAX
a0pa3sMBHOTO H3HAIIMBAHHS, XUMHUYECKHH COCTaB
pernmamentupyercs I'OCT 7769-82 u cocraBmsier
2,4-3,6 % C, 1,5-2,5 % Mn u 19-25 % Cr. Tep-
JOCTh 3TOr0 YyryHa IIOCJ€ €ro HOpMalHu3aluH
U HU3Koro otmycka coctanisier 330-610 HB [4],
a nocie omxkura mpu 690 °C 41-54 HRC, uto co-
orBerctByer TpeboBanusiMm ['OCT  7769-82.
CopneprxaHre XpoMa B OCHOBE 3TOT0 UyT'yHa, I0cie
TePMUIECKON 00paboTKH, cocTaBisieT 9,8—12,2 %,
9TO He 00ecrevrnBaeT KOPPO3MOHHON CTOHKOCTH.
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Puc. 6. Bnusuue C, Mn, Cr u Ni
Ha CcoJiepiKaHue Cr,™

Fig. 6. Influence of C, Mn, Cr and Ni
on the content Cr,™”

Hayqﬂaﬂ HOBHU3HA U MPaAKTHYECKas
3HAYUMOCTDH

VYCTaHOBICHO, YTO OCHOBHBIMH (DaKTOpaMH,
OTIPEACTSIONIMMH BEIMYUHY KOA(D(UIIUCHTa MEK-
¢dasHOrO pacmpesiesieHusT XpoMa B CHCTEME
Fe-C—Cr-Mn-Ni, 4BIAOTCI. KOJIMYECTBEHHOE
COJIep)KaHUE FJIEMEHTOB M UX B3aMMHOE BO3JICHCT-
BHE Ha MPOIECCH KapOu000pa3oBaHMsL.
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[Mony4yeHHBIE PETPECCHOHHBIC 3aBHCUMOCTH
MO3BOJIIOT CIIPOTHO3UPOBATH COJEPIKAHHUE XpOMa
B METAJUIMYECKOW OCHOBE U MOTYT OBITH HCIIOJNb-
30BaHbI IPU Pa3pabOTKe HOBBIX COCTABOB UyTyHOB
U PSKUMOB UX TEPMHUECKOH 00pabOTKH.

BriBoabI

1. XapakTep BIHMSHHAS MapraHila Ha coJepiKa-
HUE XpoMa B METAITMYECKON OCHOBE UyryHa He-
OoHO3HaueH. MapraHell, MOBbIIIAs KOHIIEHTPAIHIO

XpoMa B KapOuaax, CriocoOCTBYET €ro CHIKCHHIO
B ocHoBe. OTHOBpEMEHHO C 3THM, IMOBHIIIAs pac-
TBOPUMOCTbH yTIEPOJa B METANIMYECKON MaTpuIlE,
MapraHell COJCHCTBYET PAacTBOPEHUIO B HEll Kap-
OWJIOB M yBEIMIUBAET COJEPKAHIE XpPOMa.

2. llocnme omkura yyryHa B TeueHue 9 gacoB
npu 690 °C MakcumanbHasi KOHLIEHTpalusi Xpoma
B OCHOBe jgocturaercs npu 1,3 % HUKEIs, MUHH-
MaJIbHBIX KOJINYECTBAX YIJIEpPOAa U Maprasia.

AN

10.

11.

12.

13.

14.

15.

16.

17.

CIIMCOK MCITOJIbB3OBAHHBIX NCTOYHMKOB

Bakynenko, 1. O. CtpykrypHuii aHami3 B marepianosnasctsi / I. O. Bakynenko. — JIHimponeTpoBCeK : Mako-
Beupkuii, 2010. — 124 c.

BnusHue pexxuMoB TepMHUIECKOH 00paOOTKH Ha MepepaclpeiefiCHNe JIETHPYIOINX JIEMEHTOB B BBICOKOXPO-
muctoMm gyryre / B. 3. Kymosa, M. A. Koszens, A. B. KpaBuernko, A. B. )KuotoBud // MeramioBenenue u
Tepmuyeckas 00padorka meramos. — 2007. — Ne 3, 9. 2. — C. 33-51.

Bomok, U. 1. BiusHue erupoBaHust ¥ TEpPMUIECKON 00pabOTKH Ha pacmpeaesieHue dJIEMEHTOB M CBOMCTBA
BBICOKOXPOMHUCTHIX 4yryHOB / B. B. Hetpeoko, U. I1. Boauok // Hayd. BecTH. JIoHOAC. TOC. MAIIHHOCTD. aKaj.
: ¢0. Hayu. Tp. / [lonbac. roc. mamuHoctp. akaa. — Kpamaropek, 2015. — Ne 3 (18E). — C. 52-59.

I'OCT 7769-82. UyryH JeTHpOBaHHBIA AJIS OTIUBOK CO CHELMANbHBIMU cBOWCTBaMH. Mapku. — Beea. 1983—
01-01. — Mocksa : U3n-Bo crangaptoBs,1982. — 15 c.

I'ynpemon, D. Crnienpanbhbie cranu / 3. ['yapemon. — Mocksa : Meramnyprusi, 1966. —T. 1. — 736 c.

I'ynses, A. I1. Merayuosenenue / A. I1. I'ynsieB. — Mocksa : Metautyprus, 1978. — 648 c.

Kymnoga, B. 3. BinusiHue temrnepaTypbl HarpeBa Ha ()OPMHUpPOBAaHUE CTPYKTYpPHI, (Da30BbIi COCTaB M CBOMCTBa
BBICOKOXPOMHUCTBIX YyT'YHOB B HCXOJIHOM M TepMooOpaboranHoM coctosiHuu / B. 3. Kynosa, M. A. Kos3ens,
A. B. KpaBuenko // MeramnoBeneHue u repmudeckas 00padorka merammos. — 2008. — Ne 1. — C. 35-50.
Mamnaxos, A. 1. OcHOBBI MeTatoBeeHns U Teopuu kopposuu / A. . Manaxos, A. I1. XXykoB. — Mocksa :
Beicmr. mik., 1978. — 192 c.

MexdasHoe pacrnpeneneHne XHUMHYECKHMX O3JIEMEHTOB B KOMIUICKCHO-JIETHPOBAHHOM OenoM dyryHe /
B. I'. Ebpemenko, A. I1. Yeiinsx, T. B. Ko3zapesckas, K. Hlumumgy, 0. I'. Yabak, A. B. E¢pemenko // Bich.
[Ipuazos. nepx. TexH. yH-Ty. Cepisi: TexHiuni Hayku : 30. Hayk. np. / [Ipua3oB. nepx. TexH. yH-T. — Mapiy-
monb, 2014. — Bun. 28. — C. 89-99.

Hetpebko, B. B. K Bompocy o6pasoBanus kapounos Fe;C u Fe;Cs; B BeicokoxpomucThix dyryHax / B. B. He-
Tpebko // Hayka ta nporpec tpancnopty. — 2016. — Ne 3 (63). — C. 138-147. doi: 10.15802/stp2016/74736.
Herpebko, B. B. OcobeHHOCTH TepMHUYecKOi 00paOOTKH BBICOKOXPOMHCTBIX YYTYHOB JIETHPOBaHHBIX Mn
n Ni / B. B. Herpe6xko, W. I1. Bomuok // HoBi marepiany i TeXHOIOTIi B MeTaITyprii Ta MamrmHOOy/ IyBaHHI. —
2016. —Ne 1. - C. 53-57.

Cuneman, I'. M. JlnarpamMa cocTostHuS crtaBoB cucTeMbl Fe—C—Mn U HEKOTOpBIE CTPYKTYpHBIE 3P (HEKTHI
B a1o0i1 cucteme. U. 1. MexdaszHoe pacnpenenenue Mapranna / I'. M. Cuinpman / MeTtannoBeneHne U TepMHU-
yeckast 00padoTka metaymuioB. — 2005. — Ne 2. — C. 11-15.

CTpyKTypHO M HECTPYKTYPHO UyBCTBHTENIbHBIE CBOWCTBAa XPOMHCTHIX 4yryHOB / A. A. Kupumios, B. /1. be-
noB, E. B. Poxkosa, A. 0. IsapkoBa, U. E. 3yes // Uepusie metamibl. — 2007. — Ne 9 — C. 7-13.

Yabak, 0. I'. CTpyKTypHBIC H3MEHEHUSI B KOMIUIEKCHOJIETUPOBAHHOM OElIOM YyryHe NpH JIecTaOWIN3UpyIo-
utem Harpese / 1O. I'. Uabak, B. I'. Edpemenko, P. P. Cranumesckuii / BicH. [[HinpomneTp. Hail. yH-TY 3aJi3H.
TpaHcI. iM. akaz. B. Jlazapsna. — J{HinponerpoBcbk, 2011. — Bum. 38. — C. 229-232.

Yeitnsix, A. I1. DKOHOMHOJIETUPOBAaHHBIE METACTaOMIIBHBIE CIIABEI U yIpouHstonme TexHonorun / A. I1. Yeit-
nsix. — Xapekos : HHIT X®TH, 2003. — 212 c.

Hemmn, U. U. Bensie nznococroiikue ayryHsl. CTpykTypa u cBotictBa / M. Y. LpmmH. — Mocksa : Mertamtyp-
rus, 1983. - 176 c.

Hemmn, W. U. Benbie n3HOCOCTOMKHE YyTYHBI — 3BOIonns 1 nepcnektusl / Y. W. Lpmmn //JlutefiHoe np-Bo.
—2000. - Ne 9. - C. 15-16.

doi 10.15802/stp2017/109583

© B. B. Hetpe6ko, . I1. Boauok, 2017

67



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKOro
HAI[IOHAJIBHOTO YHIBEPCHTETY 3aIi3HUYHOr0 Tpancmopty, 2017, Ne 4 (70)

MATEPIAJIO3HABCTBO

18. Analysis of the Structure and Abrasive Wear Resistance of White Cast Iron With Precipitates of Carbides /
D. Kopycinski, M. Kawalec, A. Szczesny, R. Gilewski, S. Piasny // Archives of Metallurgy and Materials / In-
stitute of metallurgy and materials science of Polish academy of sciences. — 2013. — Vol. 58. — Iss. 3. — P. 973—
976. doi: 10.2478/amm-2013-0113.

19. Belikov, S. Manganese influence on chromium distribution in high-chromium cast iron / S. Belikov,
I. Volchok, V. Netrebko // Archives of Metallurgy and Materials / Institute of metallurgy and materials science
of Polish academy of sciences. —2013. — Vol. 58. — Iss. 3. — P. 895-897. doi: 10.2478/amm-2013-0095.

20. Gierek, A. Zeliwo stopowe jako tworzywo konstrukcyjne / A. Gierek, L. Bajka. — Katowice : Slask, 1976. —
230 p.

B. B. HETPEBKO", L. I1. BOJTUOK*

"Kad. «O61aHAHIs Ta TEXHOIOTis 3BapIOBATLHOIO BUPOGHILITBAY, 3aI0Pi3bKHUil HAL[IOHABHIH TeXHIYHMIA YHIBEpCHTET,
ByII. JKykoBchkoro, 64, 3anopixoks, Ykpaina, 69063, ten. +38 (050) 486 27 40, en. momira olgavvn@ukr.net,

ORCID 0000-0003-3283-0116

*Kag. «KoMMIO3HIiiiHi 1 TOPOIIKOBI MaTepiany Ta TEXHOIOTi», 3aMOpPi3bKHii HALIOHATEHIN TeXHIYHIN YHIBEPCHTET,

Bya. JXKykoBcbkoro, 64, 3anopixoks, Ykpaina, 69063, ten. +38 (061) 769 83 51, exn. momrra tmzntu@gmail.com,

ORCID 0000-0003-1580-0556

BIIVINB XIMIYHOI'O CKJIAAY YABYHY HA PO3ITIOA1J CR ITOMIK
DAZAMMU HICJIA BIAIIAJLY IIPH 690 °C

Mera. ¥V HaykoBiii poOOTi HEOOXITHO BCTAHOBUTH BIUIMB XiMiyHOTO ckiany Fe—C—Cr-Ni—Mn yaByHy Ha BMICT
XpOMY B MeTaJeBiil OCHOBI Ta KapbifaX, a TakoX Koe(ilieHT po3NoALTy XpoMy HOMiX (azamu micis Binnary rnpu
690 °C (KPCng). Metonuka. [ocmimkyBanu 4vaByHu, ski wictwmm 1,09-391 % C; 11,43-25,57 % Cr;
0,6-5,4 % Mn; 0,19-3,01 % Ni Ta 0,8—1,2 % Si. AHaNI3 PO3NOALTY XPOMY BHKOHYBAJIU 3 BUKOPUCTAHHSM METOJIIB
MaTEeMaTHIHOI CTATUCTUKH. YaBYyH TUIABIIN B iHIYKIIHHIN miedi emHicTIO 60 kr. Pe3yabTaTn. Bukopucranas mMeTomy
aKTHBHOTO TLIAHYBAHHS EKCIIEPUMEHTY 3 MaTpHIeio 2+ J03BOJMIIO BUBHAYMTH PerpeciiiHi 3aeKHOCTi KOHIeHTpartii
XpOMy B OCHOBI Ta Kap0ifax, a Takox Koe(iIlieHT Horo po3noaity moMixk ¢asamu Bix Bmicty B waByHI C, Cr, Mn Ta
Ni. Xpom micnst Binaxy nepeBaxHO KOHIIEHTPYBaBCs B KapOigax. Bmict xpomy B ocHOBI 3MiHroBaBcs Bix 3,94 % mpu
3,23 % C, 5,4 % Mn, 11,43 % Cr ta 3,01 % Ni — no 17,43 % npu 1,09 % C, 0,60 % Mn, 25,57 % Cr 1a 1,32 % Ni.
Haiimeniie 3HadueHHs1 KOeilli€HTY PO3MOILTY KPcf’90 nopisHIOBano 2,1 B waByHi, skuit mictus 1,09 % C, 0,6 % Mn,
11,43 % Cr ta 0,19 % Ni, a naiioinsme — 9,4 npu 3,91 % C, 0,6 % Mn, 11,43 % Cr ta 3,01 % Ni. Posmoain xpomy
BU3HAYaBCsl KUIBKICTIO Ta THIIOM KapOimiB, mo yrBoproBaiuch. Ilin yac Bianmanmy ckian KapOigiB 3MiHIOBaBCS
BHACJIIJIOK KOHKYPYBaHHS €JIEMEHTIB, 1110 YTBOPIOIOTH KapOi/Iy, 1 3aMillleHHsM aTOMIB 3alli3a Ta MapraHill0 Ha aTOMHU
xpomy. HaykoBa HOBHM3HaA. ABTOpaMH OTpHMaHI PETPECHBHI 3aJIEKHOCTI BMICTY XpOMy B OCHOBI, KapOimax
Ta Koe(ilieHT #oro posnoairy momMik ¢aszamu Bin Ximiynoro ckiany Fe—C—Cr-Ni-Mn uaByHy micist Biamaiy
npu 690 °C. IIpakTuyHa 3Ha4YUMicTh. OTpHMaHi 3aJI€XHOCTI JIO3BOJISIIOTH ITPOTHO3YBAaTH BMICT XPOMY B MeTaJeBiil
OCHOBI Ta MOXYTh OyTH BHKOPHCTaHI IMpH Po3poOIli HOBHX CKJIAiB 3HOCOCTIHKMX YaBYHIB, a TaKOX Ipu BHOOpi
PEKUMIB TEPMiYHOT 0OpOOKH.

Krouogi crnosa: 9aByH; XpoM; pO3IIOILT; KapOi/l; MeTarieBa OCHOBA

V. V.NETREBKO", I. P. VOLCHOK?

"Dep. «Equipment and Technology of Welding Production», Zaporizhzhia National Technical University, Zhukovskyi St., 64,
Zaporizhzhia, Ukraine, 69063, tel. +38 (050) 486 27 40, e-mail olgavvn@ukr.net, ORCID 0000-0003-3283-0116

Dep. «Composite and Powder Materials and Technologies», Zaporizhzhia National Technical University, Zhukovskyi St., 64,
Zaporizhzhia, Ukraine, 69063, tel. +38 (061) 769 83 51, e-mail tmzntu@gmail.com, ORCID 0000-0003-1580-0556

INFLUENCE OF THE CAST IRON’S CHEMICAL COMPOSITION ON
THE INTERPHASE DISTRIBUTION OF CR AFTER ANNEALING
AT 690 °C
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Purpose. The article is aimed to determine effect of the chemical composition of Fe-C-Cr-Mn-Ni cast iron on
the chromium content in the metallic base, carbides and the coefficient of interphase distribution of chromium after
annealing at 690 ° C (KP690). Methodology. Cast irons containing 1.09-3.91% C; 11.43-25.57% Cr; 0.6-5.4%
Mn; 0.19-3.01% Ni and 0.8—1.2% Si were investigated. The analysis of chromium distribution was carried out using
mathematical statistics methods. Cast iron was melted in induction furnace with a capacity of 60 kg.
Findings. The use of methods of active planning of the experiment 2*" allowed us to establish regression dependen-
cies of the chromium concentration in the base and carbides, as well as its interphase distribution coefficient on the
C, Mn, Cr and Ni content in the cast iron. Chromium, after annealing, was mainly concentrated in carbides.
The chromium content of the base varies from 3.94% at 3.23% C, 5.4% Mn, 11.43% Cr and 3.01% Ni to 17.43% at
1.09% C, 0.60% Mn, 25.57% Cr and 1.32% Ni. The minimum value of the distribution coefficient of CRC690 was
2.1 in cast iron, of composition 1.09% C, 0.6% Mn, 11.43% Cr and 0.19% Ni, maximum 9.4 at 3.91% C, 0, 6% Mn,
11.43% Cr and 3.01% Ni. The distribution of chromium was determined by the amount and type of carbides formed.
During annealing, the carbides’ composition was formed as a result of carbide-forming elements contention and
replacement of iron and manganese atoms by chromium atoms. Originality. Authors obtained regression depend-
ences of the chromium content in the base, carbides and its interfacial distribution coefficient on the chemical com-
position of Fe-C-Cr-Mn-Ni cast iron after annealing at 690 ° C. Practical value. The obtained dependencies allow
predicting the chromium content in the metallic base and may be used during the elaboration of the new wear resis-
tant cast irons compositions, as well as in the choice of heat treatment regimes.

Keywords: cast iron; chromium; distribution; carbide; metallic base
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COOTHOHWEHUA MEKAY /KECTKOCTHBIMMU ITOTEPAMMU N
INOTEPAMM B IIOAIIUITHUKAX KAHATHBIX BJIOKOB

Heasn. s yrouneHus BenuunH Koddduumenta moneznoro aeiictsus (KII/l) kaHaTHBIX GIOKOB HEOOXOIMMO
OIPEJEUTh KOI(PQPUIMEHT MKECTKOCTH KaHATOB OJOKOB C YYETOM KJIacCH(PUKAMOHHOW TPYMIBI MeXaHH3Ma
u yria obxBarta kaHatoM Oioka. [IpezamonaraeTcsi HCHONB30BATh MPH 3TOM XOPOILIO ONPOOOBaHHbBIE 3HAUCHHUS KO-
3 PUIMEHTOB NOJIE3HOTO ACHCTBUS KaHATHBIX OJIOKOB C YUETOM YIJIOB 00XBaTa KaHaTaMH OJIOKOB M aHATUTUYECKU
HalJIeHHbIC BENMYMHBI KO3((UIMEHTa TPEHHS ITOAIINITHUKOB KaueHHs, IPUBEICHHBIX K nande. Meroauka. B pa-
00Te HCIOoIb3yeTCsl aHATUTUYECKHH METO/| OonpeieleHUs Ko3(h(hUIMeHTa COTPOTHUBIEHHS TOALUINITHUKA OJI0Ka NpHu
BpallleHNH €ro Kak BHYTPEHHEH, Tak W Hapy>KHOH 00OIM, a Takke pacyeTHas CXeMa IOJIIUITHUKA OJoKa.
Pesyabrarbl. {11 KaHaTHBIX OJOKOB MPOBEACH aHAIN3 BIHMSIHUS CHOCO0a CMa3KH, peKMMa paboThl MEXaHHM3Ma
M yriia oO0xBaTa KaHaTOM OJIOKa Ha MOTEpH B MOJIIUIHNKaX. [IpuBeieHbI COOTBETCTBYIONINE CPAaBHUTEIbHBIE Ta0-
JIMILBI 3HAYCHUH MOTeph. AHANN3 TOJyYEHHBIX PE3yJIbTaTOB PACUETOB MO3BOJISET YCTAHOBUTH: 1) INIaBHBIM COIPO-
THUBJICHUEM, BIMAIOIINM Ha KO3()(UIIMEHT MONE3HOTO 1eHCTBHUSI KAHATHBIX OJIOKOB, SIBJISICTCSI CONPOTHBIICHUE B TIOA-
IIMITHAKAX; 2) BTOPOH 10 BEJIMYMHE COCTaBIIIOIIEH SBIISETCS KECTKOCTHBIE MOTEPH, 3aBUCAIINE OT peKUMa pado-
THI, yIrJla 00XBaTa KaHaToM OJioKa, BUIa cMaszku nomunauka; 3) KI1/1 Onoka npu BpaieHn BHyTpeHHEH 0001Mbl
BBIIIIE, YeM IPU BpallleHUH HapyKHOW ImpuUMepHo, Ha 3 % mpu rycroil cmaske u pexxume 1M; 4) npu nocnenosa-
TEJILHOM PACHOJIOKEHHUH Y3JIOB C MOJIIUITHUKOM KaueHUs HEOOXOJMMO CTPEMUTHCSI K KOHCTPYKIMH y3J1a, B KOTO-
POM BpalllaeTcsi BHYTpeHHssl 060iiMa; 5) mpH 4mcie GI0KOB 10 5 MOXKHO MOJIb30BAThCSI PEKOMEH/IYEeMBIMU B JIUTE-
paType 3Ha4€HHSMH ITOJIIUITHUKOB 070K0B ¢ ommbOkoi B BenmmunHe KITJ no 10 %. Hayunasi HoBM3HA. ABTOPBHI
TOJTYYHIIN 3HAYCHUS CONPOTHBIICHUH B MIAPUKOBBIX MOAIIMITHUKAX KAHATHBIX OJIOKOB M JKECTKOCTHBIE MTOTEPH, 00y-
CJIOBJICHHBIE 00XBaToM 0JI0Ka KaHaTOM. Vcronb30Bany MpH 3TOM 3aBUCHMOCTH IO OTPEIEICHUI0 KO3 PHUIHEeHTa
TPEHHs KaueHHsl, TOJIy4IECHHbIC C MIPUMEHEHHEM aHAJTMTHYECKUX 3aBUCHMOCTEH ['epria o yCTaHOBIEHHIO KOHTAKT-
HBIX HalpsHKeHHH u gedopManuii, a Takke SKCIEPUMEHTAIbHBIX BEIHYMH KOI(GQUIMEHTa TPEHUsS KaueHUs A
6sokoB. IlpakTnyeckast 3HAYUMOCTS. [loyTydeHHbIE aBTOpaMU 3HAYEHHsI COIPOTUBIICHUH MOTYT OBITh HCIIOJIB30-
BaHbI JUIsl YTOUHEHHBIX PACYETOB MEXaHHU3MOB MAIllMH.

Kniouegvie cnosa: ONOK; KaHAT; HOTEPH; MOAIIUITHHUK; XKECTKOCTb
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BBenenune

Koadpuiment xkectkoctu & mokasbiBaeT, Ka-
KyI0 4acTb pabodero HaTsKEHHUS COCTaBIISET CO-
MPOTHUBJICHUE PACTSDKEHUIO KaHarta. Takoil ko3¢-
¢uneHT BXOOUT B (POPMYITy, ONPEACISIONIYIO
koa(ddurent monesznoro aeicteus 61oka [10]:

1

=, (1.1)
1+C5

n
roe C G~ k03 QUIHEeHT conpoTHBIIEHHS OJI0Ka,

d
0 .. o
C.-=&E+2nu—-sin—,
6 g HD6 >

rIe o — yrox o0xBaTa KaHaToMm OJloka B pajaua-
Hax; D6,d0 — IraMeTpsl OJI0Ka W yropa B CaHTH-

(1.2)

MeTpax; | — KO3 GUIIMEHT TPEeHUS MTOAIINAITHAKA,
npuBefeHHBIN K nande; &— xod(QUIHEHT KecT-
KOCTH.

KoadduimeHt >kecTKOCTH HAaXOAWUTCS C HC-
MOJb30BAHUEM DKCIIEPUMEHTAIBHBIX BEIUYUH IO
dhopmynam, mpuBeneHHbM B [10] m [3]:

2 d 2
=014 g=5_0

(1.3)

ITockonbky KO3(DPUIMEHT MOJIE3HOr0 JCHCT-
Bus (KII/I) O10KOB M3BEeCTEH 1O TPEThEero 3HaKa
mmocJIe 3amsAToi [15], To mpu M3BECTHBIX YpaBHEHHU-
X 7S OTIpeieNieHuss Ko QUIMeHTa TPeHUs Kade-
HUSI IPY JTMHEHHOM M TOYCYHOM KOHTAKTaxX MOYKHO
OnpeneNuTh U KO3 GUIIMEHT KECTKOCTU

g:l—zpiosing. )
M D6 2

[Ipobnembr onpexneneHus: kodddureHTa xe-
CTKOCTH KaHaTa OJIOKa M ero BIHMSHHUS Ha OOILYIO
BEIUYMHY KOI(P(UIMEHTa TOJE3HOIO ICHCTBUS
0JI0KOB, a TaKkXKe 3aJauu, CBA3aHHBIE C HUMH, pac-
CMaTpHUBaJHCh B Pa3HOH Mepe B padoTax pa3HBIX
aBTopos [1, 2,4-7,9, 11-14].

ean

Onpenenuth K03(Q(GUIMEHT JKECTKOCTH KaHATOB
OJIOKOB C YYETOM KIJIACCU(UKAIMOHHOW TPYIIITBI
MeXaHu3Ma M yria o0xBara KaHaToMm OJoka,

UCIIOJIb3YSl  XOPOIIO ONPOOOBAHHBIC 3HAYCHHS
KO3 GUITMCHTOB MOJIE3HOTO JCHCTBUS KaHATHBIX
OJIOKOB C y4eToM yriia o0XBara KaHaTOM OJioKa W
HalJIeHHbIe aHAMTHYECKU BEIUYUHBI KO3 PHIHU-
eHTa TPEHUsI TMOMIINITHUKOB Ka4YeHUsI, MMPUBEICH-
HBIX K Harnde.

MeTtoauka

MHorue aBTOPHI MOJMYYHIM OOJBIIOE KOJHMYe-
CTBO (OPMYJ AJISl ONpEACTICHUS] CONMPOTHUBIICHUI
JBIKEHHIO, 0COOeHHO KayeHuto. Ho oHM 0OBIYHO
CONlep)Kad BEIIMYHMHBI, KOTOpBIE OIPENeIsUTUCh
3KCIIEPUMEHTAIBHO M 4acTO TpeOoBaIM OOJIBIIErO
TpyAa U BPEMCEHH, YeM OINpE/eIeHUE CaMOro Co-
MIPOTHUBIICHUS.

AHanUTHYEeCKHe 3aBHCHMOCTH HE MOTJIH OBITh
MOJYYEHBI JI0 pelleHHs OCHOBHBIX 33/1a4 O KOH-
TaKTHBIX HAPSOKEHHUSIX U AePOopManusIx METOAaMHU
teopun ynpyroctu I'. T'epuem B 1881-1882 r.r.
Tonbko yepe3 60 ner mocie uccnegoBanuii ['epma
J1. TaGopom [15] mony4eHbl aHATUTUYCCKUE 3aBH-
CHUMOCTH TI0 OTPEAeTIeHHI0 KO3 (PHUIMEHTOB Tpe-
HUS Ka4eHUs MPH JTUHEWHOM W TOYEYHOM KOHTaK-
TaX. VIM yCTaHOBJICHBI CJICIYIOIIUE 3aBHCUMOCTHU

Ui ompezeneHuss Kod(pUIUEeHTa TpeHHsS Kaue-
HUS:
— IIPY JIMHEHHOM KOHTAKTE:!
2b
k =—a b} (3 )
3n
— IIpY TOYEUYHOM KOHTAKTe:
3b
k=—a, “4)
16
rre b — TmonymupuHa TISITHA — KOHTAKTa,
ompeaensemMas ~ corylacHo — teopunm  I'epna;

o — KO3()(hUIIMEHT TUCTEPE3UCHBIX OTEPb.

Ho mockonbky KO3QQHUIMEHT o HMEeT MoJie-
KYJISIPHO-MEXaHUYECKYIO TIPUPOY, TO OMPEIEIIUTh
€ro Ui MPaKTHYECKOTO WCIIONBb30BaHUS BPSA JTU
BO3MOXHO. Kak crnencreue, a3tn (HopMysbl He TO-
JYYHUIIH MPaKTHIECKOTO MPUMEHEHHUS.

C ucnons3oaaneM Gopmyr (3) u (4), xopoiro
OMpOoOOBaHHBIX BENMYUH Kod(duimenTa TpeHus
KaueHHUd JJIs1 KPaHOBHIX Kosec [1] HalieHsl 3Have-
HUS KodpdunmenTa o [2].

Amnanornyno gopmynam (3) u (4) atu popmy-
JIBI TIONTyYEHBI B BUJIC:
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k=20, (5)
3n
3b g

k=""e"%, 6
16° (©)

riae R — paauyc KaueHHs Tea B METpax.

EctectBeHHO, 3TH QOPMYNBI MPHUTOIHBI JIJIS
METaIJIOB, a IJIs JIPYTHX MaTepHalloB TPEOYIOT
YTOUYHEHUH B BETUUHUHE O .

Ha puc. 1 mpuBeneHa cxemMa OJHOTO TOJIIIHII-
Huka Onoka. [Ipunoxennas k 0yoky cuna Q=28
yepe3 BHYTPEHHIO OO0OWMY MepenaeTcs Iapu-
KaM, KOTOPbIE Harpy>KaloTCsl HEPaBHOMEPHO.

Hawnbonpuryto Harpy3ky BOCIPHHHMAET IIAPHK
C LEHTPOM, PACHOJOKEHHBIM HA JUHUU JEHCTBUS
cwibl (), a HANMEHBIIYIO — MApUK C IIEHTPOM, pac-

MOJIOKEHHBIM HA JIMHWUHM, NEPHCHIUKYJISIPHON Ha-
npasieHnio cunbl . Harpysky BocmprHHMAroT

TOJIBKO T€ HIAPUKH, KOTOPBIC PACIIOJIArarOTCs HHUKE
TOPU3OHTAJILHOT'O AUaMETpa. Cunbl f; , KOOpAUHU-
POBAaHHBIC YTJIaMU 7Y i OTHOCHUTCIIBHO JIMHUKU TO€
,Z[eﬁCTBHH CHJIbI Q 5 6y,[[€M CYHUTATb CUMMCTPUYHBI-
MHU.

Puc. 1. PacuerHas cxema NOAIIMIIHAKA OJI0Ka
U TIPUHSATHIE 0003HAYEHHMS

Fig. 1. Calculation scheme of the bearing of the block
and accepted designations

Harpyska, npuxoasmiascs Ha Hauboee 3arpy-
JKEHHBIN IapHK, HaxomauTces mo gopmyie u3 [3]:

5
=2, ™
2,9(D+d,)
e Z = W — YKCJIO MIAPUKOB MO YCIOBH-
sIM COOpKH.

Ha oxgwa 60K0BO# mIapuKk JEHCTBYET crjia
P =Pycos’?y,. (8)

WNmest Harpy3ky Ha IIAPUKH U MPUHATHIC pas-
MEpBI, ONPEICTUM CONPOTUBICHUS KAaYCHUIO BYX
pa3IMYHBIX TUTIOB IMAPHUKOB.

Paccmotpum nBmkeHHE Hanbomee 3arpyKeH-
HOTO IIapHKa M0 BHYTPEHHEW M HApPYy>KHOU 00OM-
MaM, OIpeIeNUB CHayala MOJYIIUPUHY IISTHA
KoHTakTa. [Ipn paBeHcTBe K03dduimenton Ilyac-
COHa JUIs IIapuKoB 000iiM, paBHoM 0,3, U paBeH-
CTBE MOIyJEeH yOpyrocTd NONyIIMPUHA TIISITHA
KOHTaKTa [4]:

_ 1. L
bop =1,397m,3 E 2/, -y e+’ ©)

rae nbb — BCJIMYHMHA, 3aBHUCAIIAA OT OTHOIICHMUS

KO2() PUIHEHTOB ypaBHEHUS IIIUIICA KACaHUS.
1. 1
é _ n w r)lc
D
rm rB

rjae 7, — paguyc IIapHKa; 7.

e

— pamuyc xenooa;
v, — pagmyc O€roBOH [OPOXKKH BHYTPEHHEH
0001MBI, KOTOpBI ompenensercs no Gopmye
r=1,+7,.

IIpu wusBecTHOM Benwuune b, Kod(Puiment

TPEHUS KaueHUs BEIBOAUTCA U3 popMyItsl (6):

KOB :i
16

a COIPOTHBIICHHE KadeHUIO Hauboliee 3arpyKeH-
HOTO IIIapyKa M0 BHyTpeHHeH 000iime

ng:M, (11)
T

w

-0,2r,,
b,pe ,

(10)

[lonymmpuna naTHa KOHTakTa HauOolee 3a-
TPY>KEHHOTO IIapHKa C HapyKHOW 000HMOH

b =1,397n, 30 !

: , (12
E 2/k,~1/, —1/, (12)

PaccmoTpum momoOHy0 3amady it OOKOBBIX
IapuKoB. B mapukono mumHuKax OJIOKOB IMONH-
CIacTOB YHMCIIO MIAPUKOB 7 WJIM 8 3aBUCHUT OT AMA-
MeTpoB D U d;, 109TOMy OOKOBBIX POJIHMKOB JBa:
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pacmoNoXeHHbIX Nmoj yriaoM y=45° mpu Z =38
wm y=51,4° npu Z =7. [loatoMy conpoTusie-
HUE HMX KauyeHHUIO 10 BHYTPEHHEH M HapyKHOH
obotiMam ompenensiercs mo Gopmynam (9) — (12) ¢
yaBoeHueM conpotusieHus (11).

Hns  ompenenenus KodpHUUUEHTa TPEHUS
MOJIINITHUKOB OJI0Ka, MPUBEACHHBIX K Hande npu
HENOJBMKHON Hapy»XHOW 00oiime, HaiiieM paboTy
CUJI TPEHUSI Ka4€HUs 110 BHYTPEHHEU U HApY>KHOU
o0oiiMaM Ha PacCTOSHUM, PaBHOM JJIMHE OeroBoii
JOPOXKKW BHYTpEHHEW 000WMBI Ha OJTHOM €€ MOBO-
pore, T.e. L=2mr,.

A,=[200,, +W,,)+4W,,+ W) |2nr,

PaGoTa ycnoBHOH cuibl F,, NPUIOKEHHOH K

paguycy nandsel, 4 =2nruQ .
[TpupaBHsB pabOTEHL, MTOTYIHM:

21/2?[VV06 + VVUH + 2(W13+ VV]H )]
B, = :
»0

Paccmotpum cirydai, korza BparaeTcst HapyxX-
Hast 000iiMa MOAIIUITHHKA.

Cy1iiecTBeHHOE OTIMYKME B padoTe OJIoKa 3TOro
UCIIOJHEHHUS COCTOUT B TOM, YTO €CIM B IIEPBOM
Cllydae IIapHK 3a OJMH 000pOT HE JOXOAWI IO Ha-
pyxHo# oboiime paccrosane AL =2n(r, -r,), TO B

(13)

3TOM Clly4yae, Ha 5TOM PacCTOSHUU, MIAPUKU OyIyT
CKOJIb3UTh 10 BHYTPEHHEW 00o0iiMe BBHAY Ooblire-
IO HMX CONPOTHUBIECHHA KAau€HWI0 II0 Hapy>KHOI
00oiiMe, SBIISIONIETOCS ABIKYIICH CUIJION CKOJb-
JKCHUSL.

Ilo ananoruu ¢ nepBbIM CIIydaeM, HO C yUETOM
CKOJIBKEHHSI IAPUKOB, (OPMYJIa IS OTIPEICIICHHS
NpPUBEACHHOTO K narndge ko3pUIHeHTa CONPOTUB-
JIeHUs! TMOJIINIHMKA TPH BpPAIICHUM HAPYXKHOM
000HMMBI UMEET BH;

2r6(VV06 +VV0H)+4FH(VVIH +VV]8)
= +

W, N 0
+ (’/;l B rK)MCKQ s (14)
nQ
rae W, - KOOQOUIMEHT TPEHHsS CKOJBKEHHS

MEXIY IapuKaMu U 000HMOI.
Paccmorpum mpumep pacdera p, M W, , onpe-

nmenuB 3atem KI1J| monmmumauka, cHavana 6e3 yde-
Ta XKECTKOCTHBIX moTepsh [10]:

1

ns(H) = (15)

d
1+2 —0sin—
MB(H) Dg Z

Pe3syabTaTthl

PaccmoTpum  BimsiHME  KilacCH()MKALIMOHHOM
IpYNIBl MEXaHW3Ma IMOAbEMa Ha IMOTEPH B IOI-
HIMITHUKAX.

MaxkcuManbHyl0 Harpy3ky Ha OJMH H3 JBYX
MOJIIUITHUKOB MpuMeM paBHod (O =50 xH, koto-

pOil  COOTBETCTBYET IIAPUKOBBIM  MOAIIMITHUK
Ne 313 co cratuueckon Harpyskon Q. =5400 kr
maccsl, D=140 u d,=65mm (puc. 1). Ocrans-

Hble JaHHBIE TPUMEM  ClemylomuMua  [4]:
JMaMeTp IapuKoB (0e3 OKPYTJCHHS 0 CTaHAapT-

HBIX  pa3MepoB) d,=03D-d,)=22,5mm;

pammyc xKenoba 0OeToBBIX TIOPOKEK

r.=0,515d,=11,6 MM; KOIMYECTBO IIAPUKOB

Z= 29D+d,) =8 Tpu yrie MexIy HIapruKamH
(D~d,)

y=45°.

Harpyska Ha HanOonee 3arpy>XKeHHBIH IIapHK
cornacHo gopmye (7) cocrasiser Fy =30kH . Ha
onuH O0KOBOI mapuk coriacHo Gopmyne (8) nei-
crByer B =23,8 kH.

Koapdummentsr TpeHus kadeHus HauOoiree
3arpy’>K€HHOT0 MIapHKa 10 BHYTPEHHEH U HapyX-
HOH o0oOHMaM  COCTaBISIIOT  COOTBETCTBEHHO
K, =0,1127mm, K,,=0,140 MM, a compoTusie-

HUE KA4YeHWIO  OJIHOTO  IlIApPUKA  COCTaBUT
W, =300,5H; W, =360,5H; w.,=373H;
W, =275H.

[IpuBeneHnsIii k ocu 00ka K03 PuIMEHT Tpe-
HUS JBYX TOJIIMITHUKOB COCTaBisieT  (mpu

o=180°): mpu BpallleHUH HAPYIKHOU OO0ONMBI
MONUIMITHUKOB ~ TpU  JKMIKOCTHOM  cMa3ke
w,=0,946 wu mpu rycroin cmaske p, =0,1328,
npu orcyrcTBuu cmasku p, =0,1953 . Ormerum,
YTO MpU BpalleHHUH BHYTpEHHEW OOOHMEBI dTa Be-
JIM4YUHA cocTaBHT W, = 0,0480.

3asucumocth KIIJ[ Gmoka (15) ot pexuma pa-
0OTBl MeXaHHW3Ma IPH TYCTOW M >KHUIKOCTHOM

(cMm. mudpy B CcKoOKax) cMa3ke NpPUBEICHA B
Tabi. 1 (0e3 yuera JKeCTKOCTH KaHaTa).
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KoadummenTsr mosre3Horo neicTBUS OJIOKOB
(KIIZd) B 3aBHCHMOCTH OT yria 0oO0XBaTa KaHATOM
Onmoka W BHIA CMa3Kd, 0e3 ydeTa KECTKOCTHBIX
MOTePh, MIPUBENIEHBI B TA0OM. 2.

B Tabn. 3 npuBeneHbl 3HAYEHUS JKECTKOCTHBIX
IOTEPHL B 3aBUCUMOCTH OT PEXKUMaA pa6OTLI u BUJa

CMa3Ku IOJAUIMITHHUKaA ITPpU CHpaBOIIHOP’I BCIIMYNHC

1n=0,980.

AHomorn4Ho Tabn. 3 npuBeaem koddduumeHT
MOJIC3HOTO JICHCTBUs Olloka MpH yrie oOxBaTa
o=180° u rycroit cmazke ( §=0,1328) — tatdm. 4.

Tabnuma 1

3asucumocts KIIJI 6;10ka oT pesknma padoThl MeXaHM3MA NPHU FyCTOH U *KUAKOCTHOM
(B ckoOKkax) cMma3ke (0e3 yueTa :KeCTKOCTH KaHaTa)

Dependence of block efficiency on operation mode of the mechanism

at thick and liquid (in parentheses) lubrication

(without considering the rope rigidity)

Table 1

Peskum dk D D6 Nyu(s) TIPH BPALICHUH
2 _0
paGoret dk 10 HapYXXHOH 00oiime 110 BHyTpeHHEH 06oiime
M 22,5 382,5 17 0,9568 (0,9689) 0,9840
2M, 3M 24,0 456,0 19 0,9635 (0,9737) 0,9865
4M 25,0 600,0 24 0,9720 (0,9800) 0,9897
5M, 6M 27,0 783,0 29 0,9785 (0,9845) 0,9920
Tabnuma 2
Ko3¢punmeHT nonesnoro geiicteus 0J10K0B B 3aBUCHMOCTH
OT yrIJjia 00XBaTa KaHATOM 0JI0Ka M BUjAa
cMa3ku (0e3 yueTa KeCTKOCTHBIX MOTePbh)
Table 2
Blocks efficiency depending on the wrapping angle of a block by a rope
and the type of lubrication without
considering the stiffening losses
s n
o° n,(14) n,(14) CrpaBoyHasi BEJH- % TT
YHHA 11[1] ! !
£=0,1328 | £ =0,0946 | & =0,1328 £ =0,1328 £=0,1328
180 0,9720 0,9800 0,9897 0,980 1,018 1,008
90 0,9800 0,9857 0,9927 0,985 1,013 1,005
40 0,9891 0,9922 0,9960 0,987 1,007 0,998
15 0,9963 0,9973 0,9986 0,990 1,002 0,994
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Tabnuma 3

3Ha4yeHHs )KeCTKOCTHBIX MOTEPh B 3aBHCHMOCTH OT PesKHMAa padoThI
W BH/Ia CMA3KH NMOAIMITHAKA NPH CIPaBo4YHOii BetnuuHe 1) =0,980

Table 3

Values of the stiffness losses depending on the operation mode and the type of bearing
lubrication at the reference value n = 0,980

Poam P 1 g & 12 g, 1] &, 1)
M 0,0349 0,029 0,0636(0,0513) 0,0307
2M, 3M 0,0277 0,020 0,0404(0,0347) 0,0277
4M 0,0197 0,017 0,0313(0,0282) 0,0244
5M, 6M 0,0144 0,0069 0,0241(0,023) 0,0218

Tabnuna 4

Ko3dduuueHt noesnoro aeiicreus 6;10ka npu oo =180° u rycroii cmaske ( £ =0,1328)

Block efficiency at O = 180° and thick lubrication (& = 0,1328)

o | My | Mg |l ™
M 0,8564 0,8607 0,8358 0,976
2M, 3M 0,8617 0,8674 0,8524 0,989
4M 0,8676 0,8750 0,8590 0,990
5M, 6M 0,8717 0,8774 0,8644 0,992

Table 4

Hayuynasi HOBH3HA M IpaKTHYecKasi
3HAYUMOCTh

C noMoIIBI0 3aBUCUMOCTEH TI0 OIPEETIEHNIO KO-
sddrimenTa TpeHUsT KadeHWs, MONMyYEeHHBIX C HC-
TOJIb30BaHUEM AHAMTUYECKUX 3aBUcMMOcTer [epiia
MO ONpEIENeHNI0 KOHTAKTHBIX HAMpSOKEHUH U Jie-
(bopmarmii, a TakKe SKCICPUMEHTATBHBIX BEJIMUHMH
Koa(duIeHTa TPEHNS KaueHNS 11T KPAaHOBBIX KOJIEC
TIOJTy"eHbI 3HAYCHHS! COTPOTUBICHHUI B MIAPUKOBBIX
MOIIMITHAKAX KaHATHBIX OJIOKOB W >KECTKOCTHBIE
TIOTEPH, 00y CIIOBICHHBIE 00XBATOM OJIOKA KAHATOM.

[Mony4eHue 3HaYCHUS] CONPOTUBICHUA MOTYT
OBITH MCIIONB30BAHBI ISl YTOUHEHHBIX PacueToB
MEXaHU3MOB MAIllUH.

BriBoabI

AHanM3 TONY4YeHHBIX M CYIIECTBYIOLIUX
¢dopMyI, pe3yabTaTOB PAacueTOB IO3BOJISET CAE-
JIaTh CJIEAYIOIIUE BBIBOABI U PEKOMEHJALINY!

— TJIaBHBIM COIIPOTHBIICHNEM, BIIMSIONINM Ha

KIIJl xaHaTHBIX OJIOKOB, SIBIIICTCS COIPOTHBIIC-
HUe B moammmHukax (o 70 % mpu rycroi
cmaske 1 o =180") (10 100 %);

— BTOpO# 10 BennynHe coctasistonieit KIT/I
OJIOKOB SIBJISIIOTCSL JKECTKOCTHBIE NOTEPH, 3aBH-
cslllMe OT peKUMa paboThl, yriaa oOxBara KaHa-
TOM OJ0Ka, BHa cMa3ku noamunauka (10 30 %
1ipu rycToit cmaske u o, =180°);

— KIIJ] 6ioka mpu BpamieHWH BHYTPEHHEH
0001MBI BBIIIC, YEM TIPH BPALICHUU Hapy>KHOU
(mpumepHO Ha 3 % mpu rycToil cMaske, pexumMe
IM u nHa 1,4 % npu pexxume SM);

— IpH  TIOCJICIOBATENIbHOM  PACIIOJIOKCHUH
y3JI0B C TOJIIUITHUKOM KayeHUs HEOOXOIUMO
CTPEMHUTBHCSI K KOHCTPYKLHUM y3J7a, B KOTOPOM
Bpaiaercsi BHyTpeHHss1 oOoiima (mpu o =10 u
rycToii cmaske pasuuna B KI1J] mpumepno 25 %);

— mpu yucie OJOKOB 10 5 MOXHO TOJB30-
BaTbC peKOMeHIyeMbIiMH B suteparype KIIJ]
MOJIINITHUKOB OJIOKOB C TOTPELIHOCTBIO B Be-
mrauae KT, go 10 %.
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CHIBBIITHOINEHHSA MIK JKOPCTKICHUMMU BTPATAMMU TA
BTPATAMM B INIAHINUITHUKAX KAHATHUX BJIOKIB

Mera. J{ns yrouneHHs BennmuuH Koedimnierta kopucHoi aii (KK/) kaHaTHHX OIOKiB HEOOXiTHO BU3HAYHUTH KOE-
(irieHT JKOPCTKOCTI KaHATiB OJIOKIB i3 ypaXyBaHHAIM KIACH(IKAIIifHOT TPy MeXaHi3My Ta KyTa 00XBaTy KaHATOM
6moky. IlepenbagaeTscsi BUKOPUCTOBYBATH MPH I[bOMY A00pe BHUIIPOoOyBaHiI 3HAUYEHHS KOEQiIieHTiB KOpHCHOI il
KaHaTHHUX OJIOKIB i3 ypaxyBaHHSM KyTiB 00XBaTy KaHaTaMH OJIOKIB Ta aHATITUYHO 3HAW/CHI BEIMUYMHM KoedillieHTa
TePTS MiAIIUITHAKIB KOUYEHHS, HaBeAeHUX 10 nandu. Meroauka. B po6oTi BXXHBa€EThCA aHATITHYIHUI METO/I BU3HA-
YeHHsI Koe]illieHTa Onopy MiJIHUIHUKA OJIOKY IpU 0OepTaHHI HOro sk BHYTPILIHBOI, Tak 1 30BHIIIHBOT 000iM, a
TaKOXX PO3PaXxyHKOBa CXeMma MiIIIUAMHUKa 0oKy. PesyabTaTn. J[s kaHaTHUX OJIOKIB MPOBEICHO aHANi3 BIUIUBY
Croco0y 3Ma3KH, peKUMY poOOTH MeXaHi3My Ta KyTa 00XBaTy KaHaTOM Ha BTpaTd B MiAlMITHUKaX. HaBeneHo Bia-
TIOBIJIHI MOPIBHUIBHI TaOJIMII 3HaYeHb BTPAT. AHaJ3 OTPUMAaHKUX PE3YJIbTATIB PO3PAXyHKIB J0O3BOJISIE BCTAHOBHUTH:
1) ToJIOBHUM OTIOpPOM, SIKMI BIUTMBA€ Ha Koe(illieHT KOPUCHOT /i KaHaTHUX OJIOKIB, € OMip y MiANIMITHUKAX; 2) Ipy-
TOI0 32 BEJIMYMHOIO HOTO CKIIAZ0BOIO € YKOPCTKICHI BTPaTH, IO 3aJISKATh BiJl peXXUMY poOOTH, KyTa 00XBaTy KaHa-
ToM OJIOKy, BUAy MacTwia migmmunauka; 3) KK/ 6moky npu obepraHHi BHYTPIITHB0T 000HME BHIIE, HIXK TpH 00ep-
TaHHI 30BHIIIHBOI MpHOIM3HO Ha 3 % Ipu rycTtoMy Mactwii Ta pexxumi 1M; 4) npu mocniioBHOMY po3TalIyBaHHI
BY3JIIB i3 ITiJIIMITHUKOM KOYCHHS HEOOXiIHO MparHyTH MO0 KOHCTPYKIII By3ida, B SKOMY 00epTaeThcs BHYTPILITHS
o0oiima; 5) mpu dmcmi OJIOKIB 10 5 MOXKHA KOPUCTYyBaTHCA pekoMeHIoBaHMMH B miteparypi KK/ mimmmmHukis
6nokiB i3 mommikoro B BennuuHi KK 1o 10 %. HaykoBa HOBH3HA. ABTOPH OTpUMAIN 3HAYEHHS OINOPIB y KyJb-
KOBHX HIJIIMIHAKAX KaHATHUX OJIOKIB Ta )KOPCTKICHI BTpaTH, 3yMOBIICHI 00XBaTOM OJIOKY KaHaTOM. 3aCTOCOBYBa-
JM TIPH 1IbOMY 3aJISKHOCTI JJIsl pillieHHs KoedilieHTa TepTss KOYEHHsI, OTPHUMaHI 3 BUKOPUCTaHHSAM aHaJTiTUYHHX
3ajexHocTel ['epia 3 BU3HaYeHHsS KOHTAaKTHUX HANpPYXeHb 1 JAeopMalliid, a TaKOK eKCHEPUMEHTAIBHUX BEIUYUH
KoedinieHTa TepTs KoueHHs 1y 670kiB. [IpakTHyHa 3HAYMMicTh. 3aCTOCYBaHHS OTPUMAHUX 3HAYEHb OTOPIB MO-
JKYTh OyTH BUKOPHCTaHI Ul yTOYHEHUX PO3PAaXyHKIB MEXaHi3MiB MallHH.

Kniouosi crosa: 610K; KaHAT; BTPATH; i IIIUITHUK; )KOPCTKICTh
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THE RELATIONSHIP BETWEEN STIFFNESS LOSSES AND LOSSES IN
BEARINGS OF ROPE BLOCKS

Purpose. To determine the efficiency of rope blocks, it is necessary to determine the stiffness coefficient of the
ropes of blocks, taking into account the classification group of the mechanism and the wrapping angle of a block by
a rope. At this one should use well-tested values of the efficiency coefficients of the rope blocks, taking into account
the wrapping angle of a block by a rope and the analytically found friction coefficients of the rolling bearings given
to the trunnion. Methodology. The work presents the analytical method of determining the coefficient of bearing
resistance of the block when it is rotated by both the inner and outer cages, as well as the design scheme of the bear-
ing of the block. Findings. The analysis of the lubrication method effect, the operating mode of the mechanism and
the wrapping angle of a block by a rope on losses in bearings was carried out for rope blocks. The corresponding
comparative tables of losses are given. Analysis of the obtained calculation results allows us to establish: 1) the
main resistance affecting the cable blocks efficiency is the resistance in bearings; 2) the second largest component is
the stiffness losses, depending on the operating mode, the wrapping angle of a block by a rope, the type of bearing
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lubrication; 3) the block efficiency when rotating the inner cage is higher than rotating the outer one by about 3%
with thick lubrication and 1M mode; 4) in the sequential location of assemblies with a rolling bearing, it is necessary
to strive for the design of the assembly in which the inner cage rotates; 5) with the number of blocks up to 5, one can
use the recommended definitions of block bearings in the literature with an error in the efficiency value of up to
10%. Originality. The authors obtained values of resistances in the rolling bearings of the rope blocks and stiffness
losses due to the girth of the block by the rope. In this case, dependences were used to determine the coefficient
of rolling friction, obtained using the Hertz analytic dependences on determination of contact stresses and
deformations, as well as the experimental values of the coefficient of rolling friction for the blocks.
Practical value. The resistance values obtained by the authors can be used for refined calculations of the mecha-
nisms of machines.
Key words: block; rope; losses; bearing; stiffness
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BJIUSAHHUE JOIMACTHBIX U ITPOPUJIBHBIX XAPAKTEPUCTHUK
HA THAPOAUHAMUYECKYIO DQOPEKTUBHOCTD
I'PEBHBIX BUHTOB

Heasn. /st 000CHOBaHMS IKCIEPUMEHTAILHBIX METOJ0B HeoOxomumo: 1) chopmuporate 3D-momenu wuccie-
JIyeMbIX TPEOHBIX BUHTOB; 2) U3y4YHUTh BIMSHUE NPO(UINPOBKH JIONACTH IPpeOHOr0 BUHTA HA €ro T'MAPOJMHAMHYE-
CKHE XapaKTEePUCTUKH; 3) pa3padoTaTh METOANKY 3aJaHus ONITUMAJIBHBIX TapaMeTPOB MIPOEKTA JUIs MOAEIHPOBAHUS
paboThl rpedHOrO BUHTA B CBOOOIHOH BOJIE, KOTOPHIE B JAajbHEHIIEM MOKHO OBUTO ObI PEKOMEHI0BAaTh IPH MOJE-
nupoBaHuu 1oo0HbIX 3a1ad B CFD-nmakere Flow Vision. Meroanka. Pa3paborana TeXHOJIOTHS IPOEKTHPOBAHUS
rpeOHBIX BUHTOB HOBBIX cepuil. BriepBrie mpetoskeHa METOANKa OCTaHOBKH 1poekTa B cpene CFD-makera Flow
Vision g uccienoBanusi padoTsl rpeOHOrO BUHTA B cBOOOJHOM Boze. PedyabraThl. Ha nmpumepe pemenus mnpak-
THYECKOH 3aJadyl MO MCCIEAOBAHUIO BIMSHUS MPOQHUIMPOBKH JIONMAcTH Ha 3((EKTHBHOCTH TPeOHOTO BUHTA 000C-
HOBaHa II€JIECO00PA3HOCTh Pa3pabOTKU MPEIIOKEHHON METOIUKH MOCTAaHOBKM IPOEKTAa A pacuéra TpeOHBIX
BuHTOB B CFD-makere Flow Vision. [IpuMeHeHne qaHHOW METOIMKH MTO3BOJISET MOIYIUTh JOCTOBEPHBIC 3HAUCHHUS
THAPOJUHAMHUYECKAX XapPAKTEPUCTUK BUHTA JUIl MOCTPOCHMS KPUBBIX JNEHWCTBHSA, a TaKKe COKPAaTHTh pacuéTHOE
BpeMmsi. Takoi MOIXOJ JaeT BO3MOXKHOCTH ONTUMHM3HMPOBATH IPOLIECC IPOEKTHPOBAHUS T'PEOHBIX BHHTOB.
Hayunasi HoBu3Ha. [IyTém npoBeseHHs MHOTOYHCIICHHBIX DKCIIEPUMEHTOB U HA OCHOBAHWH aHANIN3a MOJTYy4YEHHBIX
pe3yJIbTaToOB OBLJIO YCTAHOBJICHO, YTO MMEHHO MPOQHINPOBKA MPEOHOTO BUHTA B OOJIBIICH CTEIICHH BIMSCT HA €ro
THJIPOJIMHAMHYECKHE XapaKTepPUCTUKHU. BbIOop 1 pacu€r rpeOHOT0 BHHTA JUIS IPOSKTHPYEMOTO CyIHA IIPOUCXOIMUT
Ha paHHUX CTa/USX NpOeKTHpoBaHMsA. [loaToMy 00OCHOBaHME BBHIOOpA TOW WIJIM MHOW T'€OMETPHH BUHTA SIBISIETCS
3ajadei akTyanpHOH. [Ipemymoxkena um 0OOCHOBaHAa METOAMKA 3aJaHUs TAapaMETPOB IPOEKTa JUIA IPOBEICHUS
YHMCIIEHHBIX SKCHEPHUMEHTOB IIPU M3Y4eHHN paboThl TPeOHBIX BUHTOB B CBOOOAHOW Boje. Takum 00pazoM, MOKHO
MIPOEKTUPOBATh HE TOJBKO CEPHHHBIC BHHTHI, HO M BHHTHl HOBBIX CEpHH, MAaKCHMaJIbHO COKpAIlas pPacxoibl
Ha TPOBEICHHE HCCICAOBAHMI  Hapsily C  JOCTOBEPHOCTBIO  IOJYyYacMbIX  pE3yJIbTaTOB  pacuéra.
IIpakTHYyeckas 3HAYUMOCTb. ABTOpaMH YCTaHOBJIEHO, YTO BJIMSHNE MPO(UINPOBKH JIONACTH IPeOHOr0 BUHTA Ha
€ro rMAPOJMHAMHYECKUE XapPAKTEPUCTUKU OOJbBIIE, YeM BIMSHHE APYTHX OOIIUX W JIOMACTHBIX XapPAKTEPUCTHUK.
Pa3paboranHasi MeTOMKa OCTAaHOBKHM MpoeKTa sl pacuéra rpeOHbIX BUHTOB B CFD-makere Flow Vision moxer
OBITH UCIIOJIL30BaHA ITPY IPOSKTUPOBAHUN BUHTOB KaK HOBBIX CEPHil, TAK U yXKe CYLIECTBYIOIINX, a TAKKE B CIIydae
ontumMu3zal GHOpMbl IPEOHOTO BUHTA C LENBI0 00CCICUCHHsS HAaUOOJIBIIEro KO3 PUIIMEHTa MOJIC3HOTO JACHCTBHS
(KILT). [TpumeneHne METOIUKH TTO3BOJIMT COKPATUTHh BpeMs Ha MPOBEJCHUE YMCICHHOTO HKCIIEPUMEHTa 32 CUET
CXOJIMMOCTH pPEUICHUs Yepe3 CPaBHUTEILHO HEOOJIBIION OTPE30K BPEMEHH.

Kniouegvie cnosa: uncneHHbId SKcnepuMeHT; npoduimposka jonactu rpedHoro Bunta; CFD-naker; Hecepuii-
HBII rpeOHOH BUHT; 3D-Mozens rpedHOro BUHTA; BEICOKast 3P (PEKTUBHOCTD; THIPOINHAMIKA

Bgenenne 9KOHOMHHU JOPOTOCTOSIILIETO TOIUIMBA BO BpEMs
9KCIUTyaTalluu CyAO0B.

[Ipu mnpoekTupoBaHWU BBHICOKOID(DHEKTUBHBIX
rpeOHBIX BUHTOB HEOOXOOUMO YUHMTHIBATH BIIUS-
HHUE UX T€OMETPUH U (DOPMBI IOBEPXHOCTH HA TH]-
ponuHamuueckue xapakrepuctuku [8, 10, 11]. ITo
pesyibpTaTaM  HCCIEJOBaHHH,  OMHCHIBAEMBIX
B JaHHOH CTaThe, U C y4€TOM pa3pabOTaHHOU Me-

OmauM u3 kputepueB 3PPEKTUBHOCTH TPeOHO-
rO BHUHTA SIBJISCTCSA 3HAYCHHE €ro KO3 QHIMEeHTa
noJsiesHoro naeWctBus. BBumy Toro, uto no 60 %
AKCILTyaTaIllMOHHBIX 3aTpaT Ha MOPCKHE MTEPEBO3KH
MPUXOAUTCS Ha TOIUTUBO, CIEAYET OTMETUTh aKTy-
aTBHOCTh COBEPIICHCTBOBAHUSA (DOPMBI TPEOHBIX
BUHTOB KaK OJTHOTO M3 HAaIpaBIIEHUI oOecrieueHus
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TOAWKM 3aiaHus mnapamerpoB mnpoekta B CFD-
naKere sl MOJENUpPOBaHUS pPabOThI TPEOHBIX
BUHTOB B CBOOOJHOI1 BOZIE, CIIEAYET OTMETHUTD, YTO
OCHOBOIOJAraromuM (akTopoM, BIMAIOLIMM Ha
THIPOIUHAMUKY BUHTA, OCTa&Tcs MPOQHUIMPOBKA
JIONIACTH MPOEKTUPYEMOT0o IpeOHOr0 BHHTA.

Hean

Lenpio naHHBIX MCCIIEAOBAHUN SIBIIsIETCS 000C-
HOBaHHUE NPU IMOMOIIY TEOPETUUECKUX U KCIIEPH-
MEHTAJIBHBIX METOJIOB CBS3H MEXIy JOMACTHBIMHU
U TpoWIBHBIMH XapaKTEepUCTUKAMH T'peOHOTO
BUHTA Ha €r0 THIPOAMHAMUYECKHUMH XapaKTepH-
ctukamu. s MOCTHIKEHUS LEeNU B UCCIIEIOBaHUU
MPEeTyCMOTPEHO pPa3paboTaTh METOAUKY ITOCTa-
HoBKH mpoekTa B cpeae CFD-makera Flow Vision
IUTSL UCCIIeA0BaHus paboThl TPeOHOTO BUHTA B CBO-
0oNHO# BOXE, M3YYHTHh aNeKBATHOCTh ITOW METO-
JUKH IIyTEM IPOBENCHMSI YHUCIICHHBIX JKCIIEpU-
MEHTOB C BHHTaMHU Pa3IMYHON MPOQUIMPOBKU U
OIIEHKH JTOCTOBEPHOCTH TOJIYYEHHBIX PE3yJIbTaTOB
C TIOMOTITLI0 Bepr(DHUKAITHH.

MeTtoauka

Ha ceromusimiHuii IeHb OCHOBHBIM CIIOCOOOM
MONTyYeHMs] ONTHMAJIBFHOTO PElIeHHs 3a1ad IpOeK-
TUPOBAHUS CyJIOB U CyIOBBIX JABIIKETENIEH, B 4acT-
HOCTH, SBJSIETCA MHOTOBAapHaHTHOE MPOEKTHPOBa-
HHE, KOTOPOE€ BO3MOXKHO TOJIBKO C MCIIOIH30BAHU-
€M KOMIIBIOTEPHBIX TEXHOJOTHH, YTO IO3BOJIIET
COKPaTUTh KOJIMYECTBO MOJEIBHBIX 3KCIEPUMEH-
TOB B OIBITOBBIX OacceitHax [9]. B myOnukanmm [5]
ommcaHa pa3pabOTaHHAs aBTOpPaMH CXeMa IpPOeK-
TUpOBaHUS IPPEKTUBHBIX TpeOHBIX BHUHTOB. B
paMKax TpPOEKTHPOBAHUS BHHTOB IO TaKOH CXeMe
TIPOBECHBI MCCIIEAOBAHUS BIMSHHS MPOQIITHPOB-
KM JIONACTH Ha K03()(UIIMEHT ITOJIE3HOTO JeHCTBHS
rpebHoro BuHTA. CyThb MCCIIEZOBaHMS COCTOHT B
MMOCTPOCHUU KPHUBBIX JICHCTBUS HUCCIIEAYEMBIX
rpeOHBIX BUHTOB MYTEM TMPOBEACHUS YHCICHHBIX
9KCIEPUMEHTOB M CPaBHEHMsI MX JAHHBIX MEXIY
co0oii. Takoif myTh MO3BOJISET CAENATh BHIBOJIBI 00
ux 3P PEKTUBHOCTH.

Takum oOpazom, 3aava Obla pa3OuTa Ha clie-
JIYIOILIME 3TaIlbl:

I sman. Bwibop 2eomempuueckux xapaxme-
PUCHUK UCC1e0YeMbIX 6UHIMOG

K o0mum reomerpuyeckiuM napamerpaM OTHO-
cATCS: AMaMeTp rpeOHOro BHHTA, IIArOBOE OTHO-

HIEHUE, IUCKOBOE OTHOIIECHUE, YTOJl OTKHIBIBAHUS
JIOMIacTH, YKMCIIO JIomacTe W npyroe. B kauecTse
00X MapaMeTpoB ISl UCCIEIOBAHUS THIPOIH-
HAaMHYECKHX XapaKTePHCTHK TPeOHOTO BHHTA BEI-
OpaHbl 3Ha4Y€HUs, YKa3aHHbIe Ha puc. 1 (310 cTpo-
ku 1-11).

| gspdata — BrokroT

fnameTp rpebHoro BuHTa, M

llaroBoe OTHOWeHUe

JIMCKOBOE OTHOWEHWUE

OTHOCUTENbHAA TONWWHA MIONACTM Ha OCK
OTHOCUTENbHEIM AWAMeTpP CTYMNWLbl

Yron oTKWAKW NonacTu, rpaa
Ee3pasMepHsblid paAuWyc Havana oTruba
Ee3pasMmepHans BenWuYuHa oTruba

Yncno nonacTen

HanpaeneHuwe BpauweHus(l-npasoe;-1-nesoe)
Tun KoHTypa(l-cabn.,2-yceu.,3-cummeTp.)
Tun npoduns

1k
1l
0.
0.
0.
0.
1.
0.
4
1
1
6

Puc.1. Ucxoaubie aHHbIE A7 IPOTpaMMBI-Te€HepaTopa
MIOBEPXHOCTH rpeOHbIX BUHTOB GSP3D,
ONKCAHHOM B [4]

Fig.1. The initial data for the program-generator of the
surface of propellers GSP3D, described in [4]

Crenyer OTMETUTh, YTO B KadecTBe 0a30BOTO
BBIOpaH YETHIPEXIIONMACTHON TPpeOHOM BHHT IIPaBO-
T'O BpalleHusl ¢ CabJICBUIHBIM TUIIOM KOHTYpa.

11 3man. Buibop npogpunupoexu nonacmeii

JlonactHble MapamMeTphl JETATBHO XapaKTepH-
3y1oT (opMy JIONACTH BHHTA U UX, B CBOIO Oue-
pelb, MOXKHO pa3JeNuTh Ha ABe rpymnmsl. K nepoit
TPyMIie OTHOCATCA MapaMeTphbl, ONpPEACIISIONUe
(hopMy KOHTYpa JIONIACTH M XapPaKTCPUCTHUKU BUH-
TOBON TOBEPXHOCTH. A HMEHHO: l;m(F) — 3aKOH

W3MEHEeHHUsT Oe3pa3MepHON OpIMHATHI BXOMSIIEH
KPOMKH CIIPSIMJIEHHOW JIOTTACTH BIOJIb PaIHyca;
¢, (7) — 3aKOH U3MeHEeHus Oe3pa3sMEpHON JUIMHBI

XOpaBl Mpoduis BAOML pamuyca; P,(7) — 3aKOH

W3MEHEHUS IIarOBOI0 OTHOILICHHS BIOJb PajHyca
JIOTIACTH, a:

b, (1) = ¢, by, (F), (1) =0y, 0 (F),
2r

P P —
—(r)==<P,(F), T =—,
D() D”’() D

rae r — TeKyllUui paauyc, c¢,, — MakCHMallbHas

P
IIMpUHA (JJIMHA XOP/bI) JIOTACTH, BC — KOHCTPYK-
THUBHOE 11aroBoe oTHouieHue. Ko BTOpo# rpyre
OTHOCATCSI TapaMeTpbl, ompenensomue (Gopmy
npoduIs JI0NacTy.
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JlonacTe BMHTa MMEET Ha KaXJOM paauyce
npouIbHbIE CEUCHUSI Pa3IMYHON TOJIIMHBL, JIH-
HBI XOpJIbl ¥ IPYTUX MPOGUIBHBIX XapaKTePUCTHK,
B JaJbHEUIIEM Ha3bIBAEMBIX MPO(QHUIHMPOBKOM.
Hpyrumu cioBamu, peub UAET O IapaMeTpax, ompe-
nensommx popmy mpodus tonacti. Kommyectso,
CYITHOCTH W 3HAYEHUS STHX MapaMeTPOB 3aBHCAT OT
tuna npopwuis. Takke U3BECTHO, YTO YeM OOJIbIIe
cpenHsis TMHUSL NPO(UIIS OTKIIOHSIETCS OT HYJISL, TEM
BUHT CTaHOBHTCS OoJiee cabIeBUIHBIM.

IIpn ogmHAKOBBIX OOIIMX T€OMETPUIECKHUX Ta-
paMeTpax HCCIeNOBaIUCh BUHTHI C MPOPHISIMU
(puc. 3):

— npodmtb cepun «By;

— cabneBumHBIN podwITb, OIM3KKUN K TPOQUITIO
cepuu B;

—NACA6556XX;

—NACA6633XX.

Ha puc. 2 mpeacrtaBieHsl NpodUiId BHHTOB,
c(hOpMHPOBAaHHBIX C TOMOIIBI0 aBTOPCKOW TIPO-
rpamMMbl FoilGen, koTopast mo3BosIeT ¢ MUHUMAITb-
HBIM KOJIMYECTBOM HCXOJAHBIX AAaHHBIX (OPMHPO-
BaTh MPOGUIIN Pa3INIHBIX CepUil TPeOHBIX BUHTOB.
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Puc. 2. IIpo¢dunu rpeOHBIX BUHTOB:
a — ceput NACA6556XX, NACA6633XX; 6 — cepust «B»

Fig. 2. Profiles of propellers:
a — series NACA6556XX, NACA6633XX; b-series B

IIlI sman. Iloozomoexka OauHbIX 014 RNO-
CMpoeHUA nogepxHocmu mooeneii 2pedHbvIX 6UH-
moe

Takum oOpazom, MyTéM U3MEHEHHs Tepen 3a-
nyckoM nporpamMmmbel GSP3D [4] Homepa npoduist
(crpoka 12 na puc. 1) 6puH chopMUpOBaHBI Mac-
CUBBI KOODIHMHAT TMOBEPXHOCTH TI'PEOHBIX BHHTOB
IUIsl mocTpoeHus ux 3D-moneneit. 3akoH w3MeEHe-
HUSl MAKCHMaJIbHOW TOJIIUHBI MPOQUiIs BIOJb pa-
Juyca JUIsi BCEX MOJENel BUHTOB OCTAaBAJICS OMH-
HAKOBBIM. JTO CBS3aHO C 00ECIICYCHUEM IMPOYHO-
CTH JIOTIacTel rpeOHOrO BUHTA.

IV sman. Co3danue 3D-moodeneit zpednvix
6UHMOG

Hanee 8 CAD SolidWorks [1] Ha ocHOBe naH-
HBIX, MOArOTOBJIEHHBIX Ha 3Tane III, mocTtpoeHsl
3D-Mozenu BUHTOB, IPEICTAaBICHHBIC Ha pHC. 3.

FE S

2—d
Puc. 3. 3D-Moaeau BUHTOB

Fig. 3. 3D models of screws
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V aman. Pacuém czpeonvix eunmoe ¢ CFD-
naxeme Flow Vision

B CFD-nmakere Flow Vision cymecTtByer He-
CKOJIBKO CIIOCOOOB 3aJaHUs PacuYETHON 00IacTH:
1) BcTaBKOW NMOBEPXHOCTH BHHTA B OOKC MpH TO-
MOIIX (UIBTPAa TOJBHKHOTO Tena; 2) 3aJaHueM
OoKca C BBIpE30M BHYTPH B (popMe MOBEPXHOCTH
BUHTA; 3) WCIOJIL30BAHWEM BHELIHEro OOKca co
CKOJIB34IIeN TOBEPXHOCTHIO [6, 7].

OTin4HbBIE PEe3yIAbTATHI OBUIN MOTyYEHBI MMy TEM
3aJaHus pacyE€THOM OOJACTH TPETHUM CIIOCOOOM.
[Ipu ucnonb3oBaHMK BHEIIHETO OOKCa CO CKOJIb-
3sIIed MOBEPXHOCTHIO pacuéTHas o0nacth B (op-
Mare STL cocrout u3 Tpéx obnacTei, s IBYX U3
KOTOPBIX — Pa0OYMX, 33/Jal0TCsl TPAaHUYHBIE YCIIO-
BHUSI COTJIACHO puC. 4.

Cronbasawasn
NOBEPXHOCTh

MNogoBnacte 2

Puc. 4. bokc ¢ ucnonp30BaHUEM TPAHUYHOTO YCIOBUSL.
CKkob3s1as MoBEPXHOCTh

Fig. 4. Box using the boundary condition.
Sliding surface

B pesynbpTare MHOTOUYHCIEHHBIX SKCIIEPHMEH-
TOB, ONMyOJMKOBAaHHBIX aBTOpaMHu paHee B [2, 3],
MPH TIOCTAHOBE MPOEKTa ObUIO MPHUHSITO PEIICHUE
3a/1aTh CIEAYIOUIUE TapaMeTphl:

— mogens «Hecxkumaemasi KUIKOCTE» € k — €
MOJETBI0 TYPOYJICHTHOCTH;

— JIOKQJIBHO HM3MEIBYEHHYIO PACUETHYIO CETKY
100/50/50;

— pacu€THbIii mar no Bpemenu Ar=0,001;

— CJIOM BU3yaJIM3alliU: BEKTOPHI MO0 CKOPOCTH:
3aNMBKY TIO JIABJICHUIO, XapaKTEPUCTUKH II0 JIaB-
JICHUIO;

— CKOpPOCTh TOTOKa BOJbI B 3aBUCHMOCTH OT
noctynanus J wucCIeayeMoro rpeOHOro BHHTA!
1 M/c, 4 m/c, 5 M/c;

— CKOpPOCTh  BpAIIeHHUS
(5 06/c);

— YPOBEHb aJialTallii CETKU IO TOBEPXHOCTH
y TpebHOTO0 BHHTA — 2.

rpeOHOTO  BHHTA

Pesynbrartel pacuéra QopMHPYIOTCS B ClOE
«XapaKTepUCTHKH W JaBlicHHE» B BHIE (aiina c
pacummpenreM *.glo, B KOTOpOM cozeparcs 3Ha-
YEHHSI CHJI U MOMEHTOB, NEHCTBYIOIIMX Ha Ipeo-
HOM BHMHT TpU 3aJaHHBIX 3HAYEHHAX YaCTOTHI N
U CKOPOCTH VU, Ha BXoze. Jlamee paccuuThIBalOTCA

T
Oe3pasMepHbIe  XapakTepucTHKH K, =——-,
pn D
0 K, Jp
K)y=—— =———. Ha puc. 5 mpen-
e pn’D’ r K, 2n P P

CTaBJICHBI PE3YJbTAThl TAKUX PAacYETOB /IS BHHTA
cepun «B» — CIUTONIHBIE JIMHUU COOTBETCTBYIOT
MOJIETPHOMY 3KCIEPUMEHTY, Pe3yJIbTaTbl KOTOPO-
ro omyOJMKOBaHbI B [3], TOYKH — YUCICHHOMY
JKcriepuMeHTy, npuseaeHHoMy B CFD-makerte
Flow Vision.
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Puc. 5. KpuBsle neiicTBusi TpeOHOT0 BUHTA C
npoduireM cepun «By» (PU3MUSCKUI U YUCITCHHBIX
9KCTIEPUMEHTOB)

Fig. 5. Propeller action curves with profile «B»
(physical and numerical experiments)

PesyabTarhl

B mpormecce Bepudukanuy pe3yiabTaToB UHC-
JICHHBIX JKCIIEPHUMEHTOB, TPOBEIEHHBIX B XOJC
UCCIICZIOBAHUS, WCIIOJIB30BAHbl PE3YJIbTaThl MO-
JIeTIBHBIX 9KCTIEPUMEHTOB, OITyOIMKOBAaHHbIE paHee
JUTst TpeOHBIX BUHTOB cepun «By». AOCOMIOTHO M0-
nobnas 3D-Mozenp Takoro BUHTa ObUIAa paccyHTa-
Ha B CFD-makere Flow Vision. Ha puc. 5 crumom-
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HbI€ JIMHUHA COOTBETCTBYIOT MOJEIBHOMY 3KCIIe-
PUMEHTY, TOYKM — YHCIEHHOMY DSKCIEPHUMEHTY,
npuBeaénHomy B CFD-makere Flow Vision. Or-
CI0J]a CIIEIyeT, 4TO PEe3yibTaThl YNUCIEHHBIX JKC-
MIEPUMEHTOB JIOCTOBEpHBIE. [lanbHeine uccie-
JTOBaHUS TTPOXOIVIIH 110 JIBYM HarpaBICHUSM:

A. Paszpabomxa memoouku noCMAHOKU NpO-
exma 0asa pacuéma epeonvix eunmos 6 CFD-
naxeme Flow Vision. JIeno B TOM, YTO KaKIbIi
CFD-naker TpeOyerT BepuHKAIMK U TpeaBapH-
TEJIBHOTO €r0 OCBOEHMS B CHIIY €ro CIJIOKHOCTH.
[lpn 3amaHuyM OAWHAKOBOM CETKH Ui BHUHTOB C
pasinuyHOW MPOQIIUPOBKON HAOIIOIANIOCH CHH-
xenune KIIJ mpu mrare Gompme 0,9. Pa3zpabotan-
Has METOJMKA MO3BOJISIET MAKCUMAJIBHO COKPATUTh
BpeMs IPOBEACHUS YHCIEHHOTO JKCIEPUMEHTA 3a
CYET CXOMUMOCTH Pe3ybTaToB yke Ha 200 urepa-
ud (puc. 6). 9To TOCTUTHYTO 3a CUET UCCIIEA0Ba-
HUS BIMSIHUSL Pa3MEPHOCTH CETKH pacyéTHOW 00-
JIACTH W, KaK CJIEJICTBUE, YMEHBIICHUS KOJMIECTBA
pacuérnpIX staeek 1o 300 000. Kpome Toro, 3kcre-
PUMEHTAJIbHO YCTAHOBJIEHO BIHUSHHE PacuéTHOIO
mara Ha pe3ylbTaThl. PeKoMeHayeTCs mpH marax
BruHTa Oombire 0,95 yBenmmumBath ceTky Ha 20 %
BnoJib oceit X, Y, Z coorBeTcTBeHHO. [Ipu 3TOM
pacu€THbIi mar 3a1aéTcs He Kak (QUKCUPOBAHHBIN,
a mytém 3amanus gucia Kypanra, paBaoro 0,5.
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Puc. 6. Pesynbrar npuMenenust paspaboTaHHON
METOJMKH IMOCTaHOBKH poekTa B CFD-nakere
Flow Vision

Fig. 6. The result of the developed methods application
of the project in CFD package Flow Vision

[Tpou3BOUTENBHOCT BBHIIOJHEHHBIX PACYETOB
B CFD-makere Flow Vision mnpezacraBieHa B
Taou. 1.

Tabauna 1
IIpousBoauTeIbHOCTH
Table 1
Productivity
[Tapamerp J<0,95 J>=0,95
Bpewms 1-i
B —— 1,74 MuHYTHI 1,98 MuHYTHI
Konngectro
pacy€THBIX 300 000 400 000
sTYeeK
CxoanumMocTb B Cpe/lHEM Ha B CpelHEM Ha
pacuéra/ Bpe- | 120 urepammii / | 350 ureparuii /
M1 pacuéra 209 MUHYT 691 munyTa

b. Ilposeoenue uucaennvix sxcnepumenmos c
BUHMAMU PASAUYHOU NpoGuaupoeku. Pe3yipTaTel
pacuéra mpeicTaBieHbl Ha pUC. 7 B BHJAE KPUBBIX
JeicTBUS TpeOHBIX BUHTOB. MccienoBaHus Joka-
37K BIMSHUE NPOQUIMPOBKM HAa TMAPOIUHAMU-
YecKhe XapaKTepUCTHKH BUHTOB. IIpumanue cad-
JIEBUIHOCTH PO, ONMM3KOMY K cepurt «By, He
npuseno kK yBemmdernro KI1J] rpedHOTO BUHTA.

0.5%KL K. Elap

max KIEL (npogins NACABSEEKK)
-

e .
maee KM (npogmnb MACABEIIC) - 7,—;

o8 - / \

N

EENNE
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Puc. 7. Ananus pe3ynbTaToB pacuéra:
TOYKH B Buje kBaapatoB — nmpoduins NACA6633XX,
TOYKHU B BUE KpYKKOB — popmib NACA6556XX,
TOYKH B BUJE POMOOB — Mpoduib cabieBUAHBIMN,
Onu3kuii k cepun «By

Fig. 7. Analysis of calculation results:
points in the form of squares — profile NACA6633XX,
points in the form of circles — profile NACA6556XX,
points in the form of rhombuses — the profile
is saber-like, close to series «B»
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PesynbTathl, monmyueHHbIE MPH HCCIEIOBAHUH
BUHTOB C APYTUMH HpOQUISIMH, TOBOPAT 00 HX
MPEeUMYIIEeCTBE B CPaBHEHHU C MpodUiIeM Cepuu
«B». KIIJI rpebroro BunaTa cepuut NACA6556 nipu
miare 0,9 Haubomnpimii — Ha 2,7 % 0oJblle, YeM y
BuHTa cepuu «B». B cBoro ouepens KIIJ[ BunTa
cepunn NACA6633 mmeer makcumanbHbn KITJI,
Ha 0,7 % menpmmii, uem y cepun NACA6556, on-
HAaKoO MpH 3TOM mar ero coctasisieT 0,8. DTOT mar
Ooree MpUOMIDKEH K pEaIbHBIM peXuMaM paboThI
rpeOHOrO BUHTA.

Hayqﬂaﬂ HOBHU3HA U MPaKTHYECKasA
SHAYUMOCTDb

Ilytém mpoBeneHHs] MHOTOYHCIEHHBIX SKCITe-
PUMEHTOB M HAa OCHOBAaHUU aHANN3a IMOJYYCHHBIX
pe3yNbTaTOB OBUIO YCTAaHOBJICHO, YTO WMEHHO
nmpodmMpoBKka TpeOHOTO BHHTA B OOJBINEH CTe-
MEHU BIIMSAET HA €ro TUAPOJAMHAMHUYECKHE Xapak-
TepucTuku. Be100p 1 pacu€r rpeOHOr0 BUHTA ISt
MPOEKTUPYEMOTO CYAHA TMPOUCXOIUT HAa PaHHHUX
craausax npoektupoBanus. [loaTomy obocHOBaHME
BBIOOpA TOHM WJIM MHON I€OMETPUN BUHTA SIBIISICTCS
3amavell akTyanbHOW. Pa3paboraHHas MeTomuKa
MTOCTAHOBKHM TPOEKTa ISl pacuyéra TpeOHbIX BUH-
toB B CFD-nakere Flow Vision MoxeT ObITh HC-
MOJIb30BaHa MPH MPOCKTUPOBAHUH BUHTOB KaK HO-
BBIX CEpHii, TaK U yXe CYIIECTBYIOIINX, a TAK)KE B
cilydae ONTUMH3aUUU (HOpMBI TPeOHOTO BUHTA C
uenslo obecneuenuss HanOonprero KIIJ. ITpume-
HEHHE METOIMKHU IMO3BOJUT COKPAaTUTh BpeMs Ha
MMPOBEJICHNE YWCIEHHOTO JKCIIEPUMEHTa 3a CU&éT

MOJIy4Y€HUusA PpCeHICHUA 4YE€pe3 CPaBHUTCIIBHO HE-
00MBLION OTPE30K BPEMEHHU.

BoIBOaBI

1. OgeBHUIHO, YTO THAPOJIMHAMHUCCKHE XapaK-
TEPUCTHKH TPpeOHBIX BHHTOB, & UMEHHO: K03(ddu-

P
IUeHT ymnopa K (B’J Pj n kodddummeHT mo-

P
meHta K, B,J p | — ABHO 3aBHCAT OT IIarOBOTO

P Ly
OTHOLICHUS! — M OTHOCHUTEJIBHOrO mara J, =——
D nD

Y HESIBHO 3aBUCAT OT NPOQPUINPOBKH JIOTIACTEH.
2. YCTaHOBIEHO BIMSHUE MPOQUIUPOBKH JIO-

nacTeil Ha yKa3aHHbIC XapakTepucTHKH K, K, .

3. OueBHUHO, UTO, JACHCTBYS MOJO00HBIM 00pa-
30M, MOXKHO TIOJIOMpaTh KakK THUIT MPOQUIIs, TaK U
3aBUCHMOCTh €TI0 XapaKTEPUCTHK OT pajuyca Jo-
MacTH, KOTOPBIe OYIyT CIOCOOCTBOBATH TOBHIIIIC-
Huto KIIJ] rpeOHBIX BHHTOB Ha PAacYETHBIX PEXU-
Max UX paboThL.

4. M3BecTHBI OoJjiee MBAAIATH CEPHHA TPEeOHBIX
BHHTOB, Ha OCHOBAHHH KOTOPBIX MPOCKTUPYIOTCS
HoBble. OqHako, B 3kcmuryaramuu, KI1J] rpeOHbIx
BHUHTOB, KaK IPaBUIIO, TOCTUTAET He Oolee 65 %.
Takum o6pa3om, paspaboTaHHas cxeMa MPOCKTH-
poBaHUs TPEOHBIX BUHTOB HOBBIX cepuil [5], a
Takke pa3paboTaHHAas METOJWKA ITOCTAHOBKH TIPO-
ekTa s pacdéra rpeOHbx BuHTOB B CFD-makere
Flow Vision SBISIOTCS aKTyalbHBIMH W HMEIOT
MPaKTHUYECKOE 3HAUYEHHE.
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BIIVIUB JIOITATEBUX TA IPO®IJIBHUX XAPAKTEPUCTHUK HA
I'TJPOIMHAMIYHY E®OEKTUBHICTb 'PEBHUX 'BUHTIB

Merta. /Iy 0OrpyHTYBaHHS €KCIIEPUMEHTAJIBHUX METOAIB HeoOXifaHo: 1) chopmysaru 3D-moneni qociimKysa-
HHUX IpeOHMX TBUHTIB; 2) BUBYMTH BIUTUB NPO(iIIOBaHHA JIoNaTi rpeOHOro rBUHTA Ha HOTO TiIpOJUHaMIuHI Xapak-
TEPUCTUKH; 3) po3poOUTH METOANKY 3aBJaHHS ONTUMAJIBHUX MAapaMeTpiB MPOEKTY ISl MOJICIIOBaHHS poOOTH Tpe-
OHOTrO TBUHTA y BUIBHIHM BOJI, SIKi B MOJANBIIOMY MOXHA OyJ0 6 peKOMEH/yBaTH IpH MOJIEIIOBaHHI MOAIOHUX 3a-
Branb B CFD-maketi Flow Vision. MeTroanka. Po3po0iieHO TEXHOIOTiI0 MPOCKTYBaHHS T'PEOHUX TBUHTIB HOBHX
cepiil. Brieprire 3anponoHOoBaHa METOAMKA IMOCTAaHOBKH MpoekTy B cepemopumli CFD-makera Flow Vision ams mo-
CIiDKeHHS poO0TH TpeOHOTO TBUHTA Y BUTbHIN Boxi. Pe3yasTaT. Ha mpukitani BUpIMIeHHS TPAaKTUIHOTO 3aBIAHHS
M0 JIOCHIKEHHIO BIUTUBY HPOQiMoBaHHS JomaTi Ha e(peKTUBHICTh TpeOHOT0 TBHHTA OOTPYHTOBAHO AOIUIBHICTH
PO3pOOKH 3aMPONIOHOBAHOT METOJMKH IOCTAHOBKH MPOEKTY UIsi po3paxyHKy rpeOoHux reunTiB B CFD-nakeri Flow
Vision. 3acTocyBaHHS JaHOI METOIHMKH JTO3BOJISIE OTPHUMATH TOCTOBIpHI 3HAUEHHS T1APOIUHAMIYHUX XapaKTEPUCTHK
TBUHTA JJ1s1 TOOYIOBU KPUBHX i, & TAKOK CKOPOTUTH PO3PaXyHKOBUH uac. Takuid miaxia 1a€ MOKIMBICTh ONTHMI-
3yBaTu Tpolec MPOeKTyBaHHs rpeOHuX rBuHTiB. HaykoBa HoBm3Ha. 11IXOM NpOBENEHHS YHMCIEHHUX EKCIEpH-
MEHTIB Ta Ha MiJCTaBi aHai3y OTPUMAHUX Pe3yJbTaTiB OyJ0 BCTAHOBJIEHO, 1110 came MpodiItoBaHHS IPeOHOTO I'BH-
HTa B OLIBIIIH Mipi BIUIMBAa€ Ha HOTO TiPOJMHAMIYHI XapaKTepUCTHKU. Bubip Ta po3paxyHOK rpeOHOro rBUHTA IS
CyJHa, 1110 MPOEKTYEThCS, BiIOYBAETHCS HA PAaHHIX CTamisAX NMPOEKTyBaHHSA. ToMy oOIpyHTYBaHHS BHOOpY Ti€l 4u
iHIIOT reoMeTpii I'BUHTA € 3aBJaHHSIM aKTyaJIbHUM. 3allPOIIOHOBAHO Ta OOIPYHTOBAHO METOIMKY 3aBJIaHHS Iapame-
TPIiB MPOEKTY IS MPOBEACHHS YMCEIbHUX SKCIICPUMEHTIB IPH BHBUCHHI POOOTH TpeOHUX TBUHTIB y BiJIbHINA BOII.
TakuM YMHOM MO>XHa IPOSKTYBaTH HE TIJIbKU CepiiiHi TBUHTH, a il TBUHTH HOBHUX Cepiil, MAKCHMaJIbHO CKOPOUYYIOUH
BUTPAaTH Ha MPOBEACHHSA JOCIIJDKCHb, OTPUMYIOYH TIPH [BOMY JOCTOBIpHI pe3yJbTaTd pPO3PaxyHKY.
IpakTnyHa 3HAYMMicTb. ABTOpaMH BCTAHOBJICHO, IO BIUIMB MPOQiTOBaHHS JIomaTi rpeOGHOTO IBHHTA HA HOTO
TiIpOAMHAMIYHI XapaKTepUCTUKH OUIbINe, HIK BIUIMB IHIIMX 3arajlbHUX 1 JIONMATEBHX XapaKTepHUCTHK. Po3pobieHa
METOJMKa TOCTAaHOBKH MPOEKTY VI po3paxyHKy rpedHux reuHTiB y CFD-nakeri Flow Vision Mosxe 6yt BUKOpuC-
TaHa NpH NMPOSKTYBaHHI 'BUHTIB SIK HOBUX CEpiH, TaK 1 BXKe iCHYIOUHX, a TAaKOX y pa3i ontumizauii opMu rpedHOro
I'BHHTA 3 METOI0 3a0e3rneueHHs HaioOunboro koedinienty xopucHoi aii (KK/I). 3actocyBaHHS METOMKH J103BOJIUTH
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INFLUENCE OF BLADE AND PROFILE CHARACTERISTICS ON
HYDRODYNAMIC EFFICIENCY OF MARINE PROPELLERS

Purpose. The study involves: 1) formation of 3D propeller models under study; 2) studying of the effect of pro-
filing the blade of the propeller on its hydrodynamic characteristics; 3) development of a methodology for specify-
ing optimal project parameters for modeling the operation of a propeller in free water, which in the future could be
recommended when simulating similar tasks in the CFD package Flow Vision. Methodology. The technology of
design of propellers of new series was developed. For the first time, the project methodology was proposed in the
CFD package Flow Vision for studying the operation of a propeller in free water. Findings. On the example of solv-
ing a practical problem for studying the influence of blade profiling on the efficiency of a propeller, the expediency
of developing the proposed methodology for setting a propeller design in the CFD package Flow Vision is justified.
The using of this technique makes it possible to obtain reliable values of the propeller hydrodynamic characteristics
for constructing its action curves, and also to reduce the estimated time. This approach makes it possible to optimize
the process of designing propellers. Originality. Through numerous experiments and based on the analysis of the
obtained results, it was found that the profiling of the propeller mainly affects its hydrodynamic characteristics. The
choice and calculation of the propeller for the projected vessel occurs in the early stages of design. Therefore, the
rationale for choosing one or another geometry of the marine propeller is a topical task. A method for specifying
project parameters for conducting numerical experiments in studying the operation of propellers in free water was
proposed and justified. Thus, it is possible to design not only the serial screws, but also the new series propellers,
minimizing the costs of carrying out the research along with the reliability of the resulting calculation results.
Practical value. Authors established that the influence of the propeller blade profiling on its hydrodynamic charac-
teristics is greater than the influence of its other general and blade characteristics. The developed design methodol-
ogy for the calculation of propellers in the CFD package Flow Vision can be used to design the marine propellers of
both new series and existing ones, and also in the case of optimizing the shape of the propeller to ensure the greatest
efficiency. The application of the technique will allow reducing the time for conducting a numerical experiment due
to the convergence of the solution in a relatively short time.

Keywords: numerical experiment; profiling blade propeller; CFD package; non-serial propeller; 3D model of the
marine propeller; high efficiency; hydrodynamic
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BU3HAYEHHS EKBIBAJIEHTHOI'O TA OIITUMAJIBHOI'O
JIAMETPIB KOHIYHO-IUJITHAPUYHOI'O HAKOHEYHHUKA
3 BUCTYIIAMMU JJIS1 TIPOKOJIIOBAHHSA IPYHTY

MeTta. ByaiBHUIITBO HOBHX 3aJIi3HUYHHX KOJIii, 00’ €KTiB iHPPACTPYKTYpH, PEMOHT Ta 3aMiHa iICHYIOUMX TiJ3e-
MHHUX KOMYHIKaIliif TOB’s13aHi 3 pO3pOOKO0 TOPU3OHTAIFHUX MMOPOKHUH Y IPYHTI Oe3TpaHmeHuM crnocobom. Cra-
THYHUI TIPOKOJ TIPYHTY POOOYMM OpPraHOM i3 KOHYCHHM HAKOHEYHHKOM € HAaWOUIBII IMOMIMPEHUM METOIOM
y TpakTUlli GOopMyBaHH ITIOHEPHOI CBEPUIOBUHH MPH Oe3TpaHIIeHHOMY MPOKIIAAaHHI PO3NOAUIEHUX KOMYHIKAIIiH.
OpHak, y mporieci BUKOHAHHS IIPOEKTHUX PO3PaxXyHKIB OTPUMAHHS HUIOTHOI CBEPIUIOBHMHM Ta MOAAIBIIOTO ii po3-
IIMPEHHS 10 HEOOXiAHUX pO3MIipiB TOCTPO CTOITh MUTAHHS CIIOCO0IB PO3PaxXyHKIB poOoUuX 3ycuib. IcHyI09i MeTo-
JIMKH CIIUPAIOTHCS HA EMITIPUYHI 3aJIEKHOCTI Ta eKCIIEPUMEHTAIbHI KOe]Iilli€HTH, 1110 3MEHIIYIOTh TOYHICTh Mijipa-
XYHKIB Ta 301IbLIYIOTh BapTiCTh po0iT. [IponoHyeThes MiABUIIMTH TOYHICTH Ta CIIPOCTUTHU MPOLIEC BU3HAYCHHS 3Y-
CHJUISI IPOKOJIFOBAHHS IPYHTY KOHIYHAM HAKOHEYHUKOM CTaTHYHUM criocoboM. MeTommka. B po0OoTi mpornoHy€eTh-
Csl BU3HAYCHHS CKBIBAJICHTHOI'O JiaMETpa KOHIYHOIO HAKOHCYHUKA, 1[0 3yMOBJICHHUI IiaMETPOM CBEP/UIOBHHH, Ta
TEOPETHYHHH CIIOCIO pPO3paxyHKy ONTHUMAJIBHUX MapaMeTpiB IPYHTOINPOKOIIOIYO] TOJIOBKH 3 BUKOPHUCTAHHSM Bi-
JIOMHX MapaMeTpiB: THUIy TPYHTY Ta HOTO BOJIOTOCTI, 110 BHU3HAYAIOThCS 3a [leprkaBHUMH OyAiBENbHUMH HOPMaMu
(AbH). Pe3yabraTn. OTpuMaHi TEOPETHYHI AOCTIUKEHHS. MOXXYTh OYTH BUKOPHUCTaHI 3 METOIO MiJBHUIIEHHS e]ek-
THBHOCTI po00YOro OONagHAHHS ISl IPOKOJIY IPYHTY CTaTUYHMM METOAOM IIpH Oe3TpaHLICHHOMY NpOKJaJaHHi
mia3eMHAX KoMyHikamii. HaykoBa HOBH3HA. ABTOpaMH BCTaHOBJIICHA 3aJIC)KHICTh €KBIBAJIGHTHOTO JiaMeTpa OCHO-
BH KOHyca BiJ JiaMeTpa LMIIHAPHYHOI YaCTUHHW HAaKOHEYHHKA INPOKOJIIOIOYOI TOJOBKH, 5K NO3BOJSE YCYHYTH
3 TMpoIecy CTaTHYHOTO TIPOKONIOBAHHSA CHJIM TepTs Ha OiYHId IWITIHAPHYHIN MMOBEpXHI HAKOHEYHHUKA.
IpakTuyHa 3HaYMMicTh. TeopeTHdHI po3paxyHKH AJIS BU3HAYCHHS ONTUMAIBHUX JliaMeTpiB KOHIYHOTO HAKOHEY-
HHKa 3 BUCTYIIaMH Ul IPOKOJIFOBAHHS I'PYHTY JO3BOJIMJIM BCTAHOBUTH: SIKIIO JiaMeTp KOHyca OUIbIIMK MakcuMa-
JILHO-TPAHUYHOTO JllaMeTpa CBEPAJIOBUHHU (IPYHTOBOI IIOPOKHUHH), TO JIOOOBUIi OIIp KOHIYHO-IMITIHAPHYHOTO Ha-
KOHEYHHUKA 3pOCTa€e IHTEHCUBHIIIE 32 OMip MMIIHIPUYHOT YACTHHU HAaKOHEYHHKa. MaKkCUMaibHe 3HKEHHS 3yCHILISA
MIPOKOJIIOBAHHS Ma€ Miclie JUIsl IPyHTOBOI MOPOXKHUHU, AiaMeTp KOl y 2 pa3u MEHIIWH 32 MaKCHMaJIbHUN I'paHny-
Huii giamerp. [Ipu npoBeseHHI po3paxyHKiB i3 BHOOPY po3MipiB poOOUYMX OpraHiB JJIsl TPOKOJIOBAHHS IPYHTY BHXi-
JHUMH JJaHUMH € THI IPYHTY Ta HOTo XapakTepucTukH 3a JIBH, a Takox BOJNOTICTb IPYHTY, BU3HAYECHA TPAAULIiN-
HUMH CTIOCO0aMHu.

Kniouosi cnosa: TeopeTnyHa MoJieNb; Oe3TpaHIIeliHa TEXHOJIOTIs; CTATHYHUN POKOJI IPYHTY; iH)KEHEPHI KOMY-
HiKallii; IPOKOJII0I0Ya T0JIOBKA; TOPU30HTAIbHA CBEPAJIOBUHA

TO METamoJjicy BHMAara€ MHAPOKOTO BHKOPHUCTAHHS

Beryn N o .
Oe3TpaHIIeHHNX TEXHOJOTIH, SKI IIWPOKO TMpe-

3aranpHa 3HOMIEHICTh KOMYHaJIBHOTO TOCIIO-
JapcTBa Ta 301bIIEHHS] €HEeProCHOXUBaHHS y Be-
JMKHUX MICTax 3MYIIYIOTh KOMyHaJbHHUKIB MOJEp-
HI3YBaTH CBOi CTapi Mepeki ¥ CTBOPIOBATH HOBI.
BukoHaHHS MOHT@)XHUX POOIT B yMOBax Cy4acHO-

CTaBJIeHI Ha PUHKY nociayr. OCHOBHUM HEIOJIIKOM
IIUX TEXHOJIOTiil € IXHS BapTiCTh, IO BHILUIUBAE
3 BUCOKOT BapTOCTi OypOBOTr0O 00JIaTHAHHS Ta cO0i-
BapTOCTi BUKOHAHHs pOOIT. 3 pi3HOMAHITTA Mpen-
CTaBJICHMX Ha PUHKY METOIIB OTPUMAHHS TEXHO-
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JIOTIYHUX TIOPOXHUH Y TPYHTI HAWOLIBII TPOCTHM
Ta JCIUIEeBHM € CTATUYHHUIl MPOKon. Voro BHKOpH-
CTOBYIOTh Il O€3TPaHIICHHOTO MPOKIAIAHHS PO-
3MOAUTFHUX IHKEHEPHUX MEPEeX Mia 1oporamu abo
IHITUMU 3aBaJiaMH pyXy Ha Tpaci. /{7 cTBOpeHHS
TOPU30HTAIBHUX CBEPJIOBUH IIMPOKO BUKOPHC-
TOBYETBCSA METOJ CTATUYHOTO IPOKONIY IPYHTY.
[IpocroTa oOmamHaHHSA, MiHIMaIBHI eKCIUTyaTa-
HifiHI BUTpaTH Ta MPOCTOTa EKCIUTyaTalii crpus-
I0Th IIBHJIKOMY TOIIMPEHHIO TaHOTO METOAy. Me-
TOJl TOJSIra€ B CHJIOBOMY MPOHHKHEHHI Kpi3b
IPYHT MPOKOJIOIOYOr0 po0OYOro opraHy, mapamMe-
TPH SKOTO BU3HAYAIOTH HOTO OIip, KWW, Y CBOIO
4epry, BIUIMBAE HAa TapaMeTpu MPUBOLY CHIOBOT
yCTaHOBKH. TakuM YWHOM, BU3HAYEHHS CKBiBaJe-
HTHOTO JliaMeTpa KOHIYHOTO HAKOHEUHHUKA 3a Jia-
METPOM CBEP]UIOBUHM Ta OTPUMAHHS TEOPETHYHO-
ro cToco0y po3paxyHKy ONTHMAIBLHUX MTapaMeTpiB
IPYHTOIPOKOJIIOI0YOI TOJOBKH € aKTyaJbHOIO 3a-
JTA4ero.

Meta

MeTo0 poOOTH € TEOPETHYHE BH3HAYEHHS €K-
BIBJIGHTHOTO JiaMeTpa KOHIYHOTO HaKOHEYHHKA
3aJIe)KHO BiJ| JiaMeTpa CBEpIUIOBUHU Ta CIOCOOY
PO3paxyHKy ONTHMAaJIbHHX IapaMeTpiB IPYHTO-
IIPOKOJIFOKYOI TOJIOBKHU.

MeTtoauka

3aranpHi 3aKOHOMIPHOCTI TPOIECIB TPOKOITY
IpyHTY Ta (DOpMyBaHHsSI TOPU3OHTAIBHO CIPSIMO-
BaHOI CBEp/UIOBMH BUKIIQJICHI B poboTax [4, 6, 11].
PesynpraTti gociiKeHb BIUIMBY KOHCTPYKTHBHHX
nmapaMeTpiB KOHYCHOTO poOOdYOro OpraHy Ha Ipo-
[leC TPOKOJy IPYHTY Ta TOIIYK pamioHaIHHOTO
KyTa KOHyca BHKJIaJgeHO B pobortax [3, 7, 10, 12,
13, 14, 17-20, 22]. 3Mian SKOCTEeH TPYHTY B Ha-
BKOJIMIIIHBOMY TIPOCTOPiI CBEPAJOBHHH IIiJ] Yac
CTaTHYHOI'O MPOKOJIY IPYHTY Ta iX BIUIMB Ha IMPO-
necu (QopmyBaHHS JifepHOi CBEpIJIOBUHU Ta ii
po3MmMpeHHs Oyimu po3MISIHYTI B pobortax [2, 11,
15, 16, 21]. docnimkeHb 3 BU3HAUYCHHS CKBiBaJICH-
THOTO JiaMeTpa KOHIYHO-IHJIIHAPUIHOTO HAKOHE-
YHUKA 3QJICKHO Bij JiaMeTpa CBEPIJIOBUHU Ta Te-
OpeTHYHUH Ccrocid po3paxyHKy ONTHUMAaJIbHHX Ila-
paMeTpiB IPYHTOIPOKOIIOOYOI TOJOBKH HE BHUSB-
JIEHO.

O4eBHIHO, 10 CYMapHHIA OTIP MPOKOJIFOBAHHIO
CKJIaJaeThCsl 3 OMOPIB KOHIYHOI 1 LMNTiHAPUYHOI

YaCTHH HAKOHEYHMKA. 3TiJHO 3 MOMepeaHboi po-
00TOI0 aBTOpPIB [9] TEOPETUYHO BU3HAUEHWH OIIp
3arIMOJICHHIO KOHIYHO-IMIIHIPUYHOTO HAKOHEY-
HUKA B IPYHT JOPIBHIOE:

E_D?
P, =n%(l+fctgﬁ)+

+0,1m\fDo, +nfD(1, - 0,2) g, , (1)

(1 + co) Pe
CK ' pnp
dbopmarrii IpyHTY; ©® — IPHUPOIHA BOJIOTICTH IPYH-
TY; P,,, — WUIBHICTb TBEPIOTrO IPYHTY (LIUIBHICTH

ne E,, = — KOMIIpeciliHu MOIyib Je-

IPYHTY 3a YMOBH, IIO B HBOMY BiJICYTHI TIOPH);
P,, — WUIBHICTb IPYHTYy B NPUPOAHOMY CTaHi;

¢, — KoediuieHT Kommpecii IpyHTy; D — miamerp
KOHYCHOTO HaKOHEUHHWKa; f — KOeQillieHT TepTs
IPYHTY 10 KOHYCY; 23 — KYT NpH BEpIINHI KOHY-

ca; A :Fp — BiJIHOIIEHHS JiaMeTpa 30HU IPYXK-

HO-IUIACTHYHUX Aepopmauiit D, no niamerpa oc-

HOBU KOHycHoro HakoHeuHuka D [10]; o, — Ha-
NpYy>KEHHS Ha TPaHHMII MPYXKHOI 1 INIACTUYHOT 30H,
ske Bu3HaueHo Oyno C. B. Kpaenem ta B. B. Ko-
BaHbKO [3]; lw — JNOBXKHMHA IMIIHAPUIHOT YaCTHHH

HPOKOJIOIYO0i TOJOBKH; ¢, — 3aJIMIIKOBUH THCK
IPYHTY Ha IHIIHIPUIHY YACTUHY HAKOHEUHHKA.

3anekHIiCTh CyMapHOTO ONOpY 3ariuOJICHHIO
BiJl JiaMeTpa HaKOHEYHWKa Ha TiubuHi 1,5 M mpu
[,=0,5m Ta g¢,=0,025MIla npuBenena Ha
puc. 1.

[Ilo6 ycyHyTH 3 THpOIECY CTaTUYHOTO IMPOKO-
JIIOBaHHS CHJIM TEPTs Ha OiYHI IHJIIHAPUYHI MTOBE-
pXHI HaKOHEYHHWKA, HEOOXiTHO miaMeTp TOJIOBHOL
KOHIUHOI YacTuHM D, BHUKOHATH OiIbLIMM 3a Jia-

MeTp MUTIHAPUIHOL D, 4acTHHH NPOKOIIOHY0L

TOJIOBKU. BU3HAaUMMO €KBiBaJEHTHHH JiamMeTp KO-
HiuHOT yacTHHU D, 3 YMOBH PIiBHOCTI ONOpIB JUIs
BHUIIAJIKIB:

1) D,>D, — BincyTHi cuii TepTs Ha OiYHIA
MOBEPXHI HAKOHEYHHKA;

2) D, =D, =D, — npucyTHi cunu TepTs Ha Oi-

YHiil MOBEpXHI HAKOHEYHUKA.
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VY mepuiomy BUNAIKY (DK >Du) OITip TPOKO-

JJFOBAHHIO Pnp JOPIBHIOE!

87'CE7 D/2
P, = chp (1+ fetgP) .[ Xdx =

0

nk,, D’
= T(l + fetgB); ()

> 7E,D]
B,= T(l + fetgB), A3)
ne D, — exBiBaneHTHUil qiamerp.
Y npyroMmy BUNAAKy (DK =D, =D€) cyMmap-
HUW OIIip TPOKOJIIOBAHHIO OOYHCITIOETHCS 3a (op-

myoro (1),

ne — A= BiJTHOIIICHHS JliaMeTpa 30HU

D, (D)
MPYXHO-TIACTHYHUX JedopMaliiii 10 eKBiBaJIeHT-
HOTO JiameTpa (miamerpa KOHYCHOTO HaKOHEYHH-

Ka) [1].
P,.xH

400
300
200

100

D, m
" 0.5 1=05m

Puc. 1. I'padiku 3aJ1e)KHOCTI CYMapHOTO OTIOPY
HepeMillIeHHIO KOHIYHO-LMJIIHPUIHOTO
HaKOHEYHHKa BiJI AiameTpa Ha riaubuni 1,5 m:
1 — TBepAOTO CYIICKY; 2 — HAaMiBTBEPAOTO CYTIINHKY;
3 — TyromiacTU4HOi NIUHU

Fig. 1. Dependency graph of the total resistance to the
displacement of a cone-cylinder tip on
a diameter at 1.5 m depth:
1 — sandy clay; 2 — semi-solid loam;
3 —stiff clay

N
3 ymoBu piBHOCTI F,, = B, BU3HA4YMMO CKBIBa-

JeHTHUI! 3a onopoM aiametp D, :

0.1n0, +(1, —0,2)q,
DE,, (1+ ctgB)

D,=D, [1+8f “

3aJIe)KHICTh €KBIBaJICHTHOTO JiaMeTpa OCHOBH
KOHycCa BiJl AiaMeTpa HWIIHIPUYHOI YaCTHHH Ha-
KoHeuHuKa 1pu [, =0,5 mTa g, =0,025 MlIla s

PI3HUX IPYHTIB MOKa3aHa Ha pHc. 2.

SKmo miaMeTp KOHYCHOI 9aCTHHM HAaKOHEYHUKA
D<D_<D,, To onip NpOKOJIOBaHHIO Oyze 3HU-
JKeHUH (Y BiICOTKAaX) 3a HACTYIHOIO 3aJIeXKHICTIO:

N

f)Z - PnpDK

=—-100%=
B

P

np

-

— 1_ P”PDK

100% . (5)

P

BusHaunMo MiHiMabHHI miametp DM, sxwit
yCyBae Jiro MpyXHuX Aedopmariii Ha TUITiHAPHY-
HY YaCTUHY HAaKOHEYHHUKA!

min
D™ =D+AD. (6)

Ha rpanuti npy>xHoi 1 TUTACTUYHOT 30HHU JIi€ 3a-
koH ['yka [1, ¢. 247-250]:

o, =Eye, (7
ne E, — MoIynb IpyKHOCTI HpU 00’€MHOMY
CTHUCKaHHI IPYHTY (MOIYJE 00’ €MHO1 nedopmartii);

. . AD
€ — BiIHOCHA nedopmartis (€ = ? ).

Monayns 06’emHOi medopmariii BU3HAYAETHCS
yepe3 KoMmpeciiinuii Mmoayis rpyuty £, [1]:

3 (1+@)ng

E, = 3ep, (1+2§), ®)

ne C — xoedimieHT OIYHOTO THCKY BH3HAYAETHCS
3a hopmyuioto I'. 1. TTokporcekoro [4, 11]:

£=1-0,74tgp, -1,52¢/q,, , )

Ie @, — KyT BHYTPIIIHBOIO TEPTA IPYHTY;
¢ — KOC(]ILI€EHT 34CIUICHHS IPYHTY; ¢,, — KDHTHY-

HUH THCK I'PYHTY 32 HECYUOIO CITPOMOKHICTIO.
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Toni

AD=2Lp. (10)
EV

s tBepmoro cymicky AD = %D =0,084D

2

(mpu E, =0,95, h=1,5 m).

J11st HaITliBTBEPIOTO CYTIIMHKY

AD = 0’14D=0,22D (mpu E, =0,64,
0,64

b

h=15 m).
st TYTOIUTACTHYHOT TJIMHA
0,148
= D=0,31D (pu E,=0,477,
0,477
h=1,5 m).

D.m

0.6

0.5 J

D, m

Puc. 2. I'padiku 3a1€)KHOCTI €KBIBaJICHTHOTO JAiaMeTpa
KOHIYHOTO HAKOHECYHHKA BiJ| liaMeTpa CBEPIJIOBUHH:
1 — U151 TBEPAOTO CYMICKY; 2, 3 — JUIsl HAaIlIBTBEPIOTO
CYTJIMHKY 1 TYTOIIACTUYHOI NIMHA

Fig. 2. Dependency graph of the equivalent diameter of
the conical tip on the hole diameter:
1 — sandy clay; 2, 3 — semi-solid loam and stiff clay

TaxkuM auHOM,
D™ =D+21p=D|1+2L (11)
v E,

SIKIIO TPOKOJIIOBAHHS 3IIHCHIOETHCSI HA TJIH-
Oouni h=1,5 M, TO 111 TBEpAOrO CYIICKY

D™ =1,08D, mId HAIIBTBEPHOrO CYIJIMHKY

D™ =1,22D, 118  TYroIJIacTHYHOI  TJIMHH

D™ =1,31D . flxmo D, > D™, IpyHT Ha IpaHHu-
i TpyXHOI 1 TUIAaCTUYHOI 30H nedopMyeThes 3a
PaxyHOK MPYKHO-IUITACTUYHHUX 3CYBIB (PYHHY€ETh-
cs).

3HIKEHHS ONOpY TPOKOJIOBAHHS MPU MiHiMa-
apHOMY giametpi D™ uisi pi3HHX IDYHTIB pHBe-
IIeHO Ha puc. 3

PesyabTaTtn

3 puc. 3 BHIHO, IO MaKCUMalIbHE 3HIKEHHS
OTIOpY TIPOKOJTFOBAHHIO Ma€ MicCIe: IS TBEPAOTO
cymicky npu giamerpax D =0,2...0,25 M, mis Ha-
MiBTBEP/IOTO CYTJIMHKY npu niameTpax
D =0,13...0,17 M, s TYroIiacTUYHOI [NIMHU [IPU
miamerpax D =0,10...0,12 M. Tomy edekTuBHICTH
3aCTOCYBaHHS KOHYCHMX HAKOHEYHMKIB 3 BHUCTY-
MaMU 3QJICKUTh BiJl TUIY IPYHTY, HOr0 KOHCHCTE-
HIIii, BOJIOTOCTI 1 liameTpa npokomtoBanas D . Bu-
3HAYMMO IIeH miaMeTp:

OAP,
2 =0. (12)
oD
3BiIKM ONTHUMAILHUM JiaMeTp
0,1fAc, + (1, -0,2)q,
_y 2o 7, ~02)g . (13)

onm 2

1+% ~1|E, (1+ fetgB)

Vv

BuszHaunMo MakcUManbHMH TpPaHWYHUE Jia-
METpP CBEPAJIOBUHM (IPyHTOBOI OpoxHUHU) D,
NpY SIKOMY KOHIYHO-IMJIIHIPUYHUN HaKOHEYHHK 3
O6okoBuMH BHUcTynamu D, > D Bxe He J03BOJSE
3HM3UTH 3yCHJUIS IPOKOJIOBaHHIO. /[lng mporo
IPUPIBHAEMO 3yCHIUIA IPOKOJIIOBAHHS HAaKOHEY-
HuKOM 3 BHCTymamu (D™ >D) i 6e3 BucTymiB
(D, =D):

2

w1+ | E
E =4
V
- (1+ fetgB) =
_ nD?

Egp (1 + fcth) +

+0,1nDf 5, +nDf (I, —0,2)q, . (14)
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AP |, kH

np*

Puc. 3. I'padiku 3a11€:KHOCTI 3HIKESHHS OIIOPY MPOKO-
JIFOBaHHIO KOHYCHOT'O HAKOHEYHHKA 3 BUCTYIIAMH Bijl
JiameTpa CBEpUIOBHHH: / — JUIsl TBEPIOTO CYIIICKY;

2 — 175t HaIliBTBEPOTO CYTIIMHKY; 3 — AUl TYTOIUIaCTHYHOT
TJIMHH.

Fig. 3. Dependency graph the reduction of the resistance
to broaching of the conical tip with spurs on the hole
diameter: / — sandy clay; 2 — semi-solid loam; 3 — stiff clay

3BigKu
D, . =8fx
) o,mcs21 +(2,-0.2)q, s
1+;’; ~1|E, (1+ fetgB)
Tob6T0
D,
Dy =22 (16)

Po3paxyHnkamn BU3HA4YEHO: JUIS TBEPAOTO CYTIi-
cky D, >0,444 M; 114 HanmiBTBEPJOTrO CYyTJIUHKY

D, =0,295 M, 114 TyrommacTW4HOI IJIMHH
D,.. =20,236 m. Ile o3nauae, mo mixs D>D,
JI0O0OBUIA OIIp KOHIYHO-IMTIHIPUYHOTO HAKOHEY-
HHKa 3 J[iaMeTpoM B OCHOBI koHyca Dp " >D, ..

3pocTa€e iHTEHCHUBHIIIIE 32 OMip MWIIHIPUYHOI Yac-
THHU HaKOHEYHHWKA. MaKCHUMaibHe 3HIDKCHHS 3Y-

CHJIIA TIPOKOJIIOBAHHA Ma€ MicClie /s IPyHTOBOI
MOPOXXHUHY JiaMeTp SIKOi y 2 pa3u MEHIIWH 3a
MaKCUMalbHUH rpaHnunuii giamerp D, . . Sxmo

JliaMeTp TpyHTOBOTO OTBOpY Oinbmuii 3a D, TO

max

HEOOXiZIHO yTBOPIOBAaTH HE CIOCOOOM IIPOKOIY,
a crmocoOOM MPOTHUCKYBaHHSI.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYNMICTDL

VYcraHOBNICHA 3aJICKHICTh €KBIBaJIEHTHOTO Jia-
METpa OCHOBH KOHYCa BiJl JiameTpa UMITiHAPUIHOL
JaCTUHM HAKOHEYHHKA IIPOKOJIIOI0Y0I TOJIOBKH,
SAKa JI03BOJISIE YHUKHYTH B MpPOIECi CTaTHYHOTO
MPOKOJIIOBAHHS CHJI T€PTS Ha O1YHIM HUITiHAPHYHIN
MOBEPXHI HaKOHEUHHWKa. Tak, HaNpHKIad, MpH Ii-
aMmeTpi mumiHApuaHOI yactuHH 0,3 M — miameTp
OCHOBH KOHYcCa ITOBHHEH OYTH: JJIsI TBEpAOTO CY-
micky — 0,32 M; ans HamiBTBEPAOTO CYTIUHKY i
tyrortactuuyHoi riauuu 0,37 — 0,39 m.

Pe3ynpTaTé OTpUMaHHX TEOPETHYHHX JIOCIi-
TKeHb MOKYTh OyTH BUKOPHCTaHi IS MiABUIIEH-
Hs €(pEeKTUBHOCTI POOOYOTro OONaHAHHS IS IIPO-
KOJIy TPYHTY CTaTHYHHM METOJOM IpHu Oe3TpaH-
mIeHOMY MPOKIaaHHi MiJ3eMHUX KOMYHIKaIlii.

BucHoBok

OTpumMaHi TEOPETHIHI PO3PaXyHKH IS BU3HA-
YEeHHS ONTUMAaJbHUX IiaMeTpiB KOHIYHOTO HAaKo-
HEYHHKA 3 BUCTYNaMH AJIsl IPOKOJIIOBAHHA IPYHTY
JIO3BOJIMJIM BCTAHOBUTH, 10 SIKIIO JiaMeTp KOHyca
OUTbIIIE MAKCUMAJIBHOTO TPaHUYHOTO JiamMeTpa
CBEpAJIOBUHH (TPYHTOBOI MOPOXHUHH), TO J00OO-
BUH OMip KOHIYHO-IWJIIHIPUYHOTO HAKOHEYHHKA
3pOCTa€ iHTEHCHBHIIIIE 33 OMip MUIIHAPUIHOI Jac-
TUHH HAaKOHEYHHKA 1 TOIi IPYHTOBY IOPOKHHHY
HEOOXiTHO yTBOPIOBaTH CHOCOOOM MPOTHCKYBaH-
Hi. MakcuMasibHEe 3HM)KEHHS 3yCHIUIA IIPOKOJIIO-
BaHHsI Ma€ MicCIe JUIs IPyHTOBOI IMOPOKHUHH, Jlia-
MeTp fAKOI y 2 pa3u MEHIIUH 3a MaKCUMaJbHUH
TPaHUYHUH JTiaMeTp.
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OIIPEAEJIEHUE DKBUBAJIEHTHOI'O 1 OIITUMAJIBHOTI'O
JANAMETPOB KOHNYECKHU-IUJINHAPUYECKOI'O HAKOHEUYHHUKA
C BBICTYIIAMMU JISA ITPOKAJIBIBAHUA 11OYBbI

Hean. CTPOUTENBECTBO HOBBIX JKEJIE3HOAOPOXKHBIX ITyTeH, 00BEKTOB HHPPACTPYKTYPBI, PEMOHT M 3aMEHa CyIIle-
CTBYIOIIMX ITOJ3€MHBIX KOMMYHHKAILIMH CBA3aHBI C pa3pabOTKON rOPU30HTAIBHBIX MOJIOCTEH B MOYBE OecTpaHIIeH-
HBIM criocoO0oM. CTaTHYHBIA NMPOKOJT MOYBHI PaOOYMM OPraHOM C KOHYCHBIM HAaKOHEYHHKOM SIBIISIETCSl Hanbolee
pacmpocTpaHEHHBIM METOAOM B NPaKTHUKe (OPMUPOBAHUS JUJICPHON CKBAXKHHBI NMPU OECTpaHIIEHHON MPOKIagKe
pacnpenenuTeIbHbIX KOMMYHUKAMiA. OHAKO, B MIPOIECCE BBHIMOIHEHHS MPOEKTHBIX PACUETOB MONYyYSHHUS IHIOT-
HOW CKBa)XMHBI U AAJBbHEHIIEro ee paclIupeHts K HE0OX0AMMBIM pa3MepaM OCTPO CTOUT BOIPOC CIIOCOOOB pacye-
TOB pabounx ycuiuii. CylIecTByrone METOAUKN 0a3upYIOTCS Ha AMIIMPUYECKHX 3aBUCHMOCTSX U DKCIIEPUMEH-
TaJIbHBIX K03 (uIMeHTax, KOTOpble YMEHBIIAIOT TOYHOCTh MOACUYETOB U YBEIHMYMBAIOT CTOMMOCTh padot. [Ipenna-
raeTcsl MOBBICUTh TOYHOCTb M YIIPOCTUTH MPOLECC ONPEAESNICHHs YCUINS MPOKAIbIBAHUS TOUBbl KOHUYECKUM HAKO-
HEYHMKOM CTaTHYHBIM criocobomM Mertoauka. B pabore mpemiaraercsi onpenesieHue SKBHBAIEHTHOTO JUaMeTpa
KOHWYECKOTO HaKOHEYHHKa, KOTOPBIH 00YCIIOBIICH JHAMETPOM CKBAXKHHBI, M TEOPETHUECKHH CrIoco0 pacuera orr-
TUMAJBHBIX MTAPaMETPOB TPYHTONPOKAIBIBAIOIICH TOJIOBKM C HCIIOJIb30BAaHUEM M3BECTHBIX MAPAMETPOB: THIA I0Y-
BEI U €€ BIAXKHOCTH, KOTOpEIe onpenersrorcs JepxxkaBaumu OyaiBensanMu HopMamu (JIBH). Pesyabratel. [Tomy-
YEHHBIC TEOPETHUECKHUE MCCIEAOBAHUS MOTYT OBITh MCIIOJIb30BAHbI C IENBbIO MOBBIMIECHNUS 3()(hEeKTUBHOCTH pabovero
000pyOBaHUs IS IPOKOJIA OYBBI CTATUYHBIM METOIOM IPH OECTpaHIIEHHON MPOKIAAKE MOA3EMHBIX KOMMYHH-
kanuid. HayyHast HOBU3HA. ABTOpaMH yCTAaHOBJIEHA 3aBUCHMOCTbh SKBHUBAJICHTHOTO JMAMETpPa OCHOBBI KOHYCa OT
JUaMeTpa OWINHIPUIECKOW YacTH HAKOHEYHHUKA MPOKANBIBAOIIECH TOJIOBKH, KOTOpasl MO3BOJSIET YCTPaHUTh M3
npolecca CTATUYHOIO MPOKAIBIBAHUS CHJIBI TPSHUS Ha OOKOBOHM IMJIMHAPHYECKOH MOBEPXHOCTH HAKOHEYHHKA.
IIpakTHyeckasi 3HAYUMOCTh. TeopeTHueckue pacyeTsl A ONPEAEICHUS ONTUMANBHBIX JHAMETPOB KOHHUECKOTO
HaKOHEYHHKA C BBICTYIIAMU ISl TIPOKAJIBIBAHUS TTIOYBBI ITO3BOJIMIIM YCTAHOBHUTH, YTO €CIIM JMaMETp KOHyca OoJbIe
MaKCHMaJIbHO-ITPEETIBHOTO AUaMETpa CKBaKUHBI (IPYHTOBOH II0JIOCTH), TO JIOOOBOE CONPOTHUBIICHHE KOHUYECKH-
NWINHAPUYECKOT0 HAKOHEYHUKA pAcTeT HHTEHCHBHEE CONPOTUBIECHUS LMIMHAPUYECKONM 4YacTH HAKOHEUHUKA.
MakcuManbHOE CHIDKCHHE YCHIIMS TPOKANBIBAHUS MMEET MECTO JUIS T'PYHTOBOW IOJOCTH, JWMAMETp KOTOpOH
B 2 pa3a MEHbIIIE MAKCUMAaIBHO-TIPEIENIFHOTO qramMeTpa. IIpu mpoBeieHnH pacieToB Mo BEIOOPY pa3MepoB pabodmnx
OPTaHOB JUI TPOKAIBIBAHMUS MOYBHI NCXOJHBIMU JTaHHBIMH SIBJISIFOTCSI THII TIOYBBI M €ro Xapakrepuctuku mo JIBH,
a TaKXKe BJIAXKHOCTH MOYBBI, ONPEAEICHHAs TPaJUIUOHHBIMU CIIOCOOaMH.

Kniouegvie cnosa: TeopeTndeckas MOJENb; OeCTpaHIICHHAs TEXHOIOTHS; CTATHICCKUI TPOKOJ MOYBBI, HMHXKE-
HEepHbIE KOMMYHHUKAIIHH; TPOKAJIBIBAIOIIAS [OJIOBKA; TOPU30HTAIIbHAS CKBAKHHA
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DETERMINING OF THE EQUIVALENT AND OPTIMUM DIAMETERS
OF CONE-CYLINDER TIP WITH SOIL BROACHING SPURS

Purpose. Building of new railway tracks and facilities, repair and replacement of existent underground utilities
and communications is related to the receipt of horizontal cavities in soil by trenchless method. A static soil broach-
ing with a working body with cone tip is the most widespread method in practice of forming a pilot hole at the
trenchless laying of distributive communications. However, in the process of implementation of project calculations,
receipt of pilot hole and subsequent expansion to the necessary sizes, there is a question of workings effort calcula-
tion methods. Existent methods are based on empiric dependences and experimental coefficients which diminish
exactness of calculations and increase the cost of works. Methodology. The work proposes the dependence for de-
termination of equivalent diameter of cone tip depending on the hole diameter and theoretical method for calculation
of optimum parameters of soil broaching head using the well-known parameters: type of soil and its humidity, that
determined by the State Construction Regulations (DBN). Findings. The results of the theoretical studies can be
used to increase the efficiency of the working equipment for soil broaching by static method during trenchless lay-
ing of underground utilities and communications. Originality. The authors establish the dependence of the equiva-
lent diameter of the cone base on the diameter of the cylindrical part of the broaching head, which allows for re-
moval of the frictional force from the static broaching on the lateral cylindrical surface of the tip. Practical value.
The obtained theoretical calculations for determining the optimal diameters of the cone tip with soil broaching spurs
made it possible to establish that if the diameter of the cone is greater than the maximum diameter of the hole (soil
cavity), then the frontal resistance of the cone-cylinder tip increases more intensively than the resistance of the cy-
lindrical part of the tip. The maximum reduction in the broaching force takes place for a soil cavity whose diameter
is 2 times smaller than the maximum limit diameter. When conducting the calculations regarding the choice of the
size of working bodies for soil broaching, the source data include the type of soil, and its characteristics by DBN, as
well as the moisture content of the soil determined by traditional methods.

Keywords: analytical model; trenchless technology; static soil broaching; utilities and communications; broach-
ing head; horizontal holes
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MPYKHA HEJIHIAHA JIJUHAMIKA PYXY CYIIOPTA
KAPYCEJIBHOI'O BEPCTATA JJIAA ObPOBKH CYHIVIBHOKATAHUX
SAJIIBHNYHUX KOJIIC

Meta. Y poOori nepexbayaeTbcss BASHAYUTH YMOBH YTBOPEHHS AMHAMIYHOI HOTPIIIHOCTI KOHTYPHOI MeXaHid-
HOi 0OpOOKM pi3aHHSM IOBEPXHiI TpeOCHsI PEaIbHOTO 3aJli3HUYHOT'O KOJIECa YAIIKOBUM Pi3LEM Ta 3alpOIOHYBATH
crioco6u i 3meHIIeHHs. MeToauka. 3a1a4a BUPINIyBasacs IUIIXOM CTBOPEHHS HENIHIIHOI AMHAMIYHOI pO3paxyH-
KOBOT MPY>KHOI MOJIENi 3 MOJAJBIINM MOJICTIOBAHHAM ii HABAHTa)KCHHS 30BHIIIHIMU CHJIOBUMH (PaKTOpaMH, 3Ha-
YeHHs AKUX OYyJIM OTpHMaHi aHAITHYHUMH Ta EKCIIEPUMEHTAIBHUMU MeToIaMi. Po3paxyHKoBa cxema 3piBHOBaXe-
HOTO CYIOpTa sIBJIsIE cOOOK0 HENiHIfHY IBOMAacOBY CHCTEMY, AWHaMiyHa MOJEJb IOB3yHa — OJHOMAcOBa, 3 OJHUM
CTyIIeHEM BOJIi. B 0CHOBY MaTeMaTHYHOTIO OIMCY TEXHOJOTIYHUX HABAHTAXXEHb IOKIAACHI Pe3yJbTaTh 3aBOACHKHX
EKCIIePUMEHTIB, a TAaKOX aHATITUYHI y3arajibHEHHs, OTPUMaHI METOJIOM 3iCTaBJICHHS JIEKUIbKOX cXxeM (JOpMOYTBO-
peHHs rpedeHs Koieca. AHaTITHYHE BU3HAUCHHS CKJIAIOBUX CHJIM Pi3aHHS BPaXOBYE 3MiHM KiHEMAaTHYHHX ITapame-
TPIB peXHUMY pi3aHHs pu 00poodLi npodinto paconHuM iHCTpyMeHToM. PesyabTaTu. [Ipu 06po6iii rpebens koneca
panianbHa i OCbOBa CKJIAJIOBI CHJIM pi3aHHs, 10 HABAHTAXYIOTh CYIOPT i MOB3YH BepcTara, 3HaKO3MiHHI. I[CHYIOTh
YMOBH, TIpH SIKMX Y TIPHBOJII 10/1a4i CYNOpTa i MOB3yHa PO3KPUBAIOTHCS 3a30pH, MPUUOMY 1€ MOXKIIMBO 3a Oyab-
K01 reomeTpii npodimo koneca. OcoONIMBOCTI HABaHTAXKEHHS CYINOPTa i MOB3yHA, 0 (GOPMYIOTH IpebiHb peab-
HOTO KoJieca (3 OirapMOHIHHHMM MPUILYCKOM), BEyTh /10 BAHUKHEHHS IUITHOK 00poOKH, Ha SIKMX BinOyBaeThcs Oa-
raTopa3oBe PO3KPHUTTS 3a30piB y Iepenadax NPUBOMIB [OJa4 Ta 30UIBIIYETHCS TOMUWIKA GOPMOYTBOpeHHs. JuHa-
MiYHa CcHCTeMa MPUBOAY IIOB3YHA JOCUTh JKOPCTKA Ta BHCOKOYACTOTHA 1 YyTJHMBA JIO HAasBHOCTI 3a30DiB.
HaykoBa HOBU3HA. ABTOpOM CTBOPCHI IPY>KHI HENIHIWHI IWHAMIYHI MoJeni cymopTa i moB3yHa. CkiazieHi y Bin-
MOBITHOCTI MOJETi, BUpIMIEH] PIBHSAHHA PyXy Mac Ta HaBaHTAaXXCHHS 3B SA3KiB. 3’COBaHI YMOBH CTiHKOTO PyXy.
IpakTnyna 3HaYUMicTh. MOIeMOBaHHAM BH3HAYCHI SIKICHI W KUTBKICHI YMOBH, IIPH IKUX HECTIHKHUI pyX CymopTa
Ta TIOB3YHA 3 MePeKIIalaHHsIM 3a30piB HE BiAOYBa€THCS: IS IIHOT0 PEKOMEHJOBAHO 3MIHUTH Bary IPOTHBArH.

Kniouosi cnosa: 3amizHUYHE KOJIECO; BEPCTATH Ui OOPOOKH 3aNi3HUYHHUX KOJIIC; AMHAMIYHI HABAaHTAXKCHHS; [TH-
HaMidHa TOYHICTb; 3a30pH; KOJINBAHHSI

pI3HHX KOJIC Yy paMKax OJIHOTO MiANpPUEMCTBA.
3po3ymino, QinimHa 00poOKa TepMidyHO 00poOITe-
HOTO KOJIeca [03BOJISIE YCYHYTH T€OMETPUYHHUX
MOXHUOOK (popMH H PO3MIpIB, ajle CKOPOUYE MPOIY-
KTUBHICTh BEPCTATiB i 3HAUHO 301bLIyE BHUTPATY
pizagpHOTO iHCTpyMeHTY. TBepaicTb TOTOBOTO
KoJieca TOCTIHHO pOCTe U IocsTae BXKE BEITUIHHH
400 HB, Tomy s uncToBOi MexaHi4HOI 0OpOOKH
3arapToBaHUX KOJiC HEOOXIJHI cremiaabHi BepcTa-
TH 1 iHCTpYMeHT. Koseca mBHIKICHOTO PyXJIUBOTO
ckiagy abo Koisieca 3 0COOJTMBUMHU BUMOTaMH ITiCIIs
TEPMOOOPOOKM HAYMUCTO OOTOUYIOTHCS TIO BCid
MTOBEPXHI.

OCHOBY TEXHOJIOTIYHOTO TIOTOKY MacoBOi Me-
XaHIYHOT 00pOOKHU CTaHOBIIATH CIELialbHI KOJIECO-
TOKapHI BepCcTaTH KapycelbHOro THIy. B OCHOB-

Beryn

TexHomoTisT BUPOOHUIITBA 3aII3HHYHUX KOJIC
Tapsdoio MPOKATKOIO HE TO3BOJISIE OJIEPKATH BUPIO
JIOCTaTHLOI TOYHOCTI i HIOPCTKOCTI MOBEpXHi 0e3-
MOCEPEIHBO 3 MPOKATHOI'O CTaHy, a 30BHIIIHI II1a-
pH IIpokaTaHoro 00ify 3HEBYIJICILOBaHI i HacHYe-
Hi HEMETaJTIYHUMH BKIIOYCHHIMH. ToMy MeXaHid-
Hill 00poOLi MmpokaTaHO 3arOTOBKM OOOB’S3KOBO
MiuIArae IOBEPXHS KaTaHHsA, rpebiHb, 001y i3 BHY-
TPINTHROI ¥ 30BHINIHKOI CTOPOHH KOJIeca, a TaKOX,
PO3TOUYETHCS OTBIp Y MaTOYWHi, IPU OMY co0i-
BapTICTh MEXaHIuHOI 0OpOOKHU CKIlagae OLIbII HiX
50 %. OmepamiifHa TEXHOJIOTiSI MEXaHIYHOT 00p0O-
KA Ha KOXHOMY WiANPUEMCTBI iHAMBITyalNbHa,
BPaxoBy€ MOXKJIMBOCTI BCTaHOBJIEHOTO YCTaTKy-

BaHHsI Ta TEXHIYHI BUMOTH JI0 OTPUMAHOT MPOAYK-
mii. KpiMm Toro, TexHoJIOTIs sl pizHa 111 0OpOOKH

HOMY 3aCTOCOBYIOTH BaXKKi OJHE- a00 ABOCTOEYHI
KapyceJbHI BEpCTaTH i3 JIBOMa- YOTHpPMa CYIOp-
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TaMH, SKi OCHAIIEHI eJIeKTPOKOIIOBATLHUMU TIPH-
ctposimu abo ITHIIK Ta 3piBHOBa)kK€HUMH BaXKKHU-
MU OOKOBUMH CYTIOpTaMu

Haii6inbIn cyyacHi BepcTaTi BUPOOIISIOTH MPO-
BimHI eBporelicbki kommanil: «Hegenscheidt —
MDF»  (Himeuumnna), «Kreven», «Dorries
Scharmann» (BemuxoOpuranis), «Cequa» (Pocis),
«Rafamety»  (Ilompma), «Morando», «Mario
Carnaghi»  (Itamist), «Sculforty  (Dpanuis),
«TOSHULIN» (Yexist), «BOST» (Icnanist).

OIHUM 3 HaWBAXXJIMBIIIMX HOKA3HUKIB JUHAMI-
YHOT SIKOCTI BEpCTaTiB € TOYHICTH OOpOOKH, IO
BU3HAYAETHCS BIAHOCHUM 3CYBOM 1HCTpyMEHTa
W gerani mo HopMmani O 0OpoOIEeHOT TOBEpXHi.
TouHICTh MEepeMIIIEHHS CYTIOpTa XapaKTepU3YETh-
¢Sl BEJIMYMHOIO [IOMUJIKK a00 BiAXWIEHHAM IIMHCHOT
KOOpIMHAaTH poOOUYOro opraHa BepcTara Bia 3ana-
HOi. Y Ba@)XKOHABAaHTA)KCHUX BEPCTaTax BUpIlIab-
HUH BIUTUB Ha TOYHICTH OOPOOKH CKJIaNaloOTh JU-
HamiuHi ¥ mpyxHi moxubku. «[Ipu o6podui da-
COHHHX ITOBEPXOHb 3MiHHOI KPUBU3HHU JOMiHyIO4a
CKJIaJ0Ba AWHAMIYHOI IOXHOKH KOIIIOBaHHS BU-
KJIMKA€THCSI BITHOCHUM 3CYBOM IIyna i iHCTpyMe-
HTa B IUIOOMHI Tpodimodoro pyxy» [5,
crop. 117].

OCHOBHI PO0OTH 3 TUHAMIKH METaJIOPi3aIbHUX
BepcrariB B. A. Kyninosa, B. C. Gegg, B. D. Ily-
ma, C. M. KoxesnikoBa, C. C. Kemposa,
C. Brecher ta iH. y 3HauHii Mipi IpUCBsYEH] BU-
3HAYEHHIO W OWIHII JWHAMIYHOI TOYHOCTI 00pOO-
ku. [lutaHHS AMHAMIYHOI TOYHOCTI (OPMOYTBO-
peHHs (hacOHHUX MOBEPXOHH OCBITIICHI B poOOTax
ykpaincbkux BueHux B. K. Kymuka, 0. B Ilerpa-
koBa, B. H. ITonoga, M. JI Opnukosa, B. b. Ctpy-
TUHCBKOTO Ta iH. YJOCKOHAIIOBAIMCS METOIUKH
PO3paxyHKIB BEpCTaTiB Ha 3MYIIEHI KOJMBAaHHS
npu 00poOIi ¢acoHHux moBepxossb [3, 8, 9, 13].
L1i MEeTOIUKH 3arajbHOrO XapakTepy po3poOisuIu-
csl JUIsl YHiBEpCAIbHUX BEPCTATIB 13 IIMPOKHUM Jlia-
na3oHOM 3a0e3leueHHsT peXuMiB 0OpoOku i 6e3
00Ky crienudikn HaBaHTa)XCHHS, SKa BIIACTHBA
CIeITiaTbHUM BEpCTaTaM.

VY poborti [4] BUKOHAHHUI aHai3 HECTIMKOCTI
raJbMyBaHHS BPiBHOBR)XEHOI'O CYIIOPTa, KOJH 4ac
TaJTbMyBaHHS MEXaHIYHOI CHCTEMH OuIbIIE dYacy
rajJbMyBaHHSI PUBOJY, 110 MPU HABHOCTI 3a30py
MPUBOJIUTH O JOBIILHOTO IMO3UIIIOBAHHS CYIIOpTa
B Horo 30HI. Y pexuMi oOpoOku nerani BimpuB
CymopTa BiJl TATHYYOTO OpraHa 3HUXY€E TOYHICThH
oJllepKyBaHOTro po3Mipy. [IuTaHHIM MOJEMOBaHHS
HENHIMHUX PIBHAHb TUHAMIKH METaJIopi3albHHUX

BEpCTaTiB, y TOMY YHCJIi B pEXKXUMI HECTAI[lOHAPHO-
r0 HaBaHTa)XEHHS, NPUCBIYCHI podoTH [3, 6-9, 11,
12].

IIpo6aema. B ymMoBax BHpOOHHWIITBA HA MeTa-
JTyprifHOMY TiAPUEMCTBI Ta SCKPAaBO BUPaKEHOT
HECTAIlIOHAPHOCTI JUHAMIYHOTO HABAaHTAKEHHS
mpu 00poOIli OKpeMHX MIUISHOK Kojieca HEpiKO
CITOCTEpITaloThCs 3HAYHI BIAXWIICHHS TeOMETpii
OTPUMaHOi MOBEPXHi BiX 3afaHoi, Big3HA4YCHi Ta-
KOXXK «Bpi3W» B MOBEPXHIO IpeOeHs, IO MPHU3BO-
IUTh 10 BiAOpakoByBaHHS KOJIC i TOBTOPHOMY
MepeTovYyBaHHIO. Takoro poxy MOMUJIKH KOIifo-
BaHHS 0O0YMOBJICHI HU3BKOI JTUHAMIYHOKO TOYHIiC-
TIO TIEPEMINIEeHHs Ta TMO3UI[IOBaHHS CYIOpTa
1 TmoB3yHa BepcraTa. HeparlioHaJIBHICTh CXEMH
00pOOKH MPOSBISETHCS B TOMY, IO CKJIAJOBI CHIIU
pizaHHS CyNOpPTIiB CHpsSMOBaHI Ha BiJ[pHB KoJyieca
BiJl TUTAHIIAHOM W CYHOpPTIB BiJ HampsMHUX. Ll
0o0CTaBrHA iICTOTHO BIUIMBA€ HA YTBOPCHHS ITiJ[BU-
IIEHUX 3a30piB 1 3HAYHO 3HMKYE CTIHKICTh Hamps-
MHUX 1 X0JIOBUX IBUHTIB. OJHi€] 3 TOJIOBHUX TIPH-
YUH HEBUCOKOI TOYHOCTI OOpOOKHW € HEIOCTATHIM
00miKk crnenupiyHUX OCOONHMBOCTEH JIHHAMIYHHX
mporieciB mpu GopMOyTBOpPEHHI TIpodiTro 3a 0Opa-
HOIO CXEMOIO0 00pOOKH.

Meta

Ilix nmieto cun pizaHHS BUMYIIEHI KOJWBaHHSA
CTBOPIOIOTH IHCTPYMEHT 1 IIyII, sIKi 3aKpiluieHi Ha
omHoMy cymnoprti. [lpykHa nedopmanis cymopra
BIUIMBAE HA B3a€MHE PO3TAIlyBaHHS LIyna i KoIi-
pa: MpHu IOCATHEHHI BEJIWMYWHH OUTBIIIN, YAM 30HA
HEYYTIUBOCTI Iyna (agamnrepa) MOAAETHCS TTOMH-
JIKOBUH CHTHaJl Ha TIEPEeMIlIeHHS CYINopTa, IO
i BUKIHKae moxuOKky. Tomy abconroTHa nedopma-
i CymopTa BU3HAYAE TUHAMIUHY MTOXHOKY KOTIi-
10BaHHs. BU3HAaYeHHIO yMOB yTBOpEHHS JWHAMIiY-
HOi moxuOKK 00poOKH MOBEPXHI ITpeOeHs peabHO-
T0 3aJII3HHYHOTO KoJleca ¥ croco0iB ii 3MeHIIeHHS
MPUCBSTYCHE HIKUCHABEACHE JTOCITIKSHHS.

MeTtoauka

PinieHHs: moCTaBIEHOrO 3aBAAHHS 3/1iHCHIOETh-
s 3a TOIIOMOTO0 aHaITi3y PIBHSIHB PYXY METOJIaMH
IHXKEHEePHOI TUHAMIKK MAIMH 1 IMITaliiHOr0 MO-
JICITIOBAHHSI MPUBOJY TI0J[a4Y CYNOPTa BEPCTATa, 110
00po06Ise (hacoHHY TOBEPXHIO TpeOCHS 3aTi3HUY-
HOTO KoJjeca.
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Pe3yabTaTn

Ha puc. 1 mpencramieHa AuHaMidyHa MOJAECIH
3pIBHOBAXXEHOTO OIYHOTO CYIOpTa KOJIeCOOOpoO0-
Horo Bepcrata. Cymnopt (m;+ms3) 1 MOB3YH mj3 Tie-
PEMINTYIOTRCS T €0 TTOTOHKEHOTO KiHEMaTHY-
Horo 30yproBaHHs &\(T) 1 &«(t). CymopT 3piBHOBa-
JKEHUH Yepe3 KaHaT ¢, MPOTUBATO0 My; € 1 ¢3 Bill-
MOBITHO HABEIEHI J>KOPCTKOCTI JIAHITIOTIB IOJAY
cynopra i moB3yHa. Kinemarwune 30yproBaHHS
MIEPEAEThCs Ha CYMOPT 1 MOB3YH Yepe3 camoralib-
MIBHI Tlepefiadi «BUHT-TaliKa KOB3aHHS» 3 HaBe-
nenuMmu 3azopamu Ax u Ay. Po3paxyHkoBa cxema
BPIBHOB&)KEHOTO CYIOpTa ABJSIE COOOI0 HETIHIHHY
JBOMacoBy  cucteMmy, JluHamiuHa  MoOpemb
MOB3yHa — OJIHOMAacoBa 3 OJJHHM CTYIICHEM Bilb-
HOCTI.

[Micns BUJINEHHS KOJNHUBANBHOI CKIIAJOBOI Ie-
PEMIIIIEHHS 3aMiHOI0 3MIHHHX: X|=X|—&;, Xo=X>—E,,
y=Y=E,, ne =51, §,=S,7, — pyX Macu cymnopra
(mi+ms3) 1 mpOTHBAard m; OMHUILETHCS CHCTEMOIO
HENiHIWHUX PIBHSHB:

X (my +my) + ey, X +kgxi+ 6, (x —x,) +
+hoy (X —x3) ==L1P. (1) - F.(7)
XMy +Cy (X — X))+ k(X —x{)=—M, /7.
PiBHSHHS PyXy HOB3yHa:

Vmy+ey, y+k,y =-1,1Po(1) - Fx(7).

Tyt: S\, S, — cTana MBUIKICTH MOAAYl B PEKHMI
00po0KH; kyi, k,, ko — KoedillieHTH HENPYKHOTO
OTIOpy B NIPUBOJIi, HAMPSIMHHUX B KaHATI By3JIa 3piB-
HOBa)XYBaHHSA; ), 1 ), — KoeillieHTH HemiHiiHOI
XapaKTEePUCTHKHU 3B’sA3KiB (3a30p); P, P,, F\, F, —
CKJIAJIOBl CHJIM Pi3aHHS Ta CHJIW TEPTS B HAIPSIM-
HUX KOB3aHHS;, M,/ — cuila TepTd B CUCTEMI BiJ-
XUJISIFOUMX OJIOKIB,  — paAlyc MiJIIUITHAKA OJIOKY.

B ocHOBY MaTeMaTHYHOTrO ONKMCY TEXHOJOTiy-
HHUX HaBaHTa)X€Hb IOKJIA/IEH] pe3yJIbTaTu 3aBOJCh-
KX EKCIIEPUMEHTIB, CIIOCTEPEKEHb 32 TMOBOKEH-
HSIM CYTOPTIB, a TAKOXK aHANITHYHI y3araibHEHHS,
OTpUMaHiI B pe3yibTaTi 3iCTaBICHHS ICKITHKOX
cxeM (hopMOYTBOPEHHSI IpeOeHs KoJjieca. AHAIITH-
YHE BH3HAYCHHS CKJIQAOBUX CHIIM Pi3aHHS BUKO-
HAHO 3 ypaxyBaHHAM 3MiHM KiHEMAaTWYHUX MHapa-
METpIB pEeXUMY pi3aHHS Mpu (PacoHHIH 00poOIi
npodino daconnuMm iHcTpymentoM [14] (Bce
y kH):

P, (x)=4,241,(x)"™S, ()" (x)",
_L78¢, ()C)l’12 S, (x)‘0,07 V(x)—o,ls )

Px ) sinA,(x)
xsin (A, (x) +a(x)),
P (x) _ 1’78t” (x)l,IZ.SK (x)—0,07 V(X)70’18 )
Y sinA,(x)
xcos (A, (x) +a(x)).
¢ (x)= l(x)[2(R —l’)+t(x):|;
2R
S ()= B2+ 0515 6.

R
V(x)=0,001n[D+2y(x)]n;

tga(x)=

{ ey 111111111@
M, :
:

% ¢ rLII ke
Ax ::?é‘

Puc. 1. JIlunamiuHa MoziesIb CYyHOPTIB KOJECO00pOOHMX
BepcraTiB (m;=1716 kr; my;=2050 kr; m3;=500 kr;
c=174-10°H/m; ¢,=4,27-10° H/m; ¢5=570-10° H/wm;
k=k,=201400 xr/c; k,=7800 xr/c; Ax=Ay=0,150 mm)

Fig. 1. Dynamical model of the supports of wheel proc-
essing machines (m;=1716 kg; m,=2050 kg;
ms=500 kg; ¢;=174.10° N/m; ¢,=4.27x10° N/m;
¢3=570.10° N/m; kox,=k,=201400 kg/s;
kx,=7800 kg/s; Ax=Ay=0.150 mm)
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TyT mo3nadeHo: t, — HaBe[eHa TIIMOWHA Pi3aHHS,
MM; S, — TIoJ]aua Ha KpUBOJIHIHHIN ONMyKITii paaiy-
CHiM nimsHui npodimto, 00/xB; V' — MBHAKICTH pi-
3aHHA, M/XB; A, — KyT HalpsIMKy CXOJIy CTPY>KKH;
0 — KyT HaXwiy TOTHYHIA 10 mpodinro (eKBiguc-
TaHTHN); ¢ — TAMOMHA pi3aHHI, MM; R — pajiyc Kona
€KBIIMCTAHTH, IO OMUCYE NPodiib, MM; ¥ — pajaiyc
iHCTpyMeHTa, MM; D — miaMeTp Kojreca, M;  — picT
BUCOTH TpeOeHs Mo cepelHii BEIMYMHI MIPUITYCKY,
M; 1 — 9acToTa 00epTaHHs IUIaHINAiOu, 00/XB; X,
Yo — KOOpJMHATH LEHTpA KOJIa eKBiIUCTAHTH, IO
onucye npodisie; R, — ii pamiyc.

Cunu TepTs 1 ONOpy HEepecyBaHHIO 3aal0ThCs
CTaTHYHUMHM Ta BU3HAYAIOTh 32 3aJICIKHUMHU:

Fo(X,7) = P(X,0) +[Pu( X, )|+ mag | f 5

Fo(X,,1) = P«(X,,1) +|P(X,,D)[] f + AG ;
AG=(m +my—m,)g .

MogenioBaHHS HaBaHTAXXCHHS BepcTaTa IpH
00po6mi mpodimo 3a JICTY 'OCT 10761:2016 [4]
3nificHIOBaock 3acobamu MathCad.

los0BHA cKiIanoBa CHIIK pi3aHHs P, 3pocTae Ta
HaOyBae MaKCUMyMY B raiTelli nepexony i3 rpede-
HS 70 TIOBEPXHI KOYEHHS KoJjieca, a Tpu 00poOiIri
BIJHOBJIEHUX HAIUIABJIEHHAM 3aII3HUYHUX KOJIC
NpUIYCK Ha 0OpOOKy moBHHEH OyTH Iue 30iblie-
Huit Ha 1 MM [2].

Cxnapnosi P, 1 P, (puc. 2) BU3Ha4arOTh HAaBaH-
Ta)KEHICTh MOB3yHA i CyMopTa BiAMOBIIHO BepcTa-
Ta. Pyx cymopra Ha JiNAHIN Ticlsi BEPIIMHU Tpe-
OcHs BinOyBa€eThCA i AI€F0 TIOCTIHHO 3MEHITyBa-
HOT CKJI1aJ10BOi P,, a 3a yM0oBU —P, = F, (HamnpuKiH-
i 00poOKM) CTBOPIOIOTHCS YMOBH IUIS PO3KPUTTA
3a3opy. JoTpumaHHS i€l YMOBH 3alleXKHUTh Bif
reoMeTpii nmpoduTo, CTaOIIBHOCTI CHIIM TepTH,
BEIMYMHHU U XapakTepy 3MiHHM NpHUIycKy. Pyx cy-
MopTa HE PEeBEPCUBHUM, aie cKiiafoBa P, Hampuki-
HITI 00pOOKHM 3MIHIOE 3HAK, IO TIPH 3HAYHIK ii Be-
JMYUHI TPUBOIUTH JI0 PO3KPUTTS 3a30py. Pyx moB-
3yHa Ha MEepBICHOMY eTari 0OpoOKH BinOyBa€eThCS
HiJ Ji€10 MOCTYNOBO 3MEHIYBaHOI CUI Py, a mic-
Jisl 3MIHM 3HaKa CKJIaJIOBOI pyX 0e3 pO3KpHTTS 3a-
30py B Mepeaadi «TBHUHT-TaiKa» 3IiHCHIOETHCA
JOTH, NMOKH P, HE NepeBEPIINTh CUILy [, TepTs Ha
OCHOBHI# 1 OiYHI{ HAaIPSIMHUX MTOB3YHA.

-

Py

il

.+.

P
AL
0 10 | 20 | 4 00 / 100 X
AT 1!./ ™
10 "é -t 4//...‘“.
- \—h N FX

Puc. 2. Po3paxynkoBa cxema (a) i rpadixu (0, B) 3MiHH
CKJIaJIOBHX CHJIM pi3aHHS W CHJI TepTs Ipu 00poOLi
(hacoHHOi NOBepXHi rpebeHs KoJeca 3a
JCTY T'OCT 10761:2016 B moyto>keHHi
«rpebeHeM TOHU3Y»

Fig. 2. Calculation scheme (a) and graphs (b, c) of the
force components of the cutting and frection forces
when processsing the profiled surface of the wheel

flange according to the State Standard 10761: 2016 in

the position «flange down»

HecnpusiTiuBuii  xapakTep 3MiHH CKJIaJ0OBHX
Py 1 P, 101aTKOBO NOTIpPIIY€THCS 3MIHHICTIO NPH-
MyCcKy, 1IN0 CIPUYMHEHWH EKCLIEHTPUCUTETOM
YCTaHOBKH «KOJleca — 3arOTOBKM» Ha IUIaHIIAiO1
(t1=0 — 1,5 MM), a TakOX HaSBHICTIO OTPaHIOBAHHS
koneca (£,=1,3—1,6 mm) [9]. 3 ypaxyBaHHSIM €KcC-
IIEHTPUCHUTETY YCTAHOBKH TJIMOWHA pi3aHHS 3Mi-
HIOETHCS 32 3aJIEKHICTIO:

t =ty + 1t sin(o1) +¢, sin(3ot + @),

Ile to — cepemHs TIUOWHA pi3aHHS Bimpizka mpodi-
JII0; ¢, — aMILIITyJla XBUJICYTBOPIOBaHHS (OTpaHIo-
BAHHS);, (O — YacTOTa OOEPTaHHs IUIAHMIAi0H, ¢ )
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7 — TIOTOYHHH Hac, ¢; ¢ — Ga30oBUil 3CYyB MiX €KC-
HEHTPUCUTETOM 1 XBUIJICYTBOpIOBaHHAM. OOWaBi
TapMOHIHI CKJIaI0Bl CKIAJAIOThCS Ha MOBEPXHI
KoJieca, 1 KOIMBaHHS MPUITYCKY HOCHTH Oirapmo-
HIHHUN XapakTep.

Ha puc. 3, a npencrasienuit gparmeHT Moje-
JIOBaHHA TPY)KHOTO  IEpPEeMIillleHHS  CyIopTa
(m+m3) Ha TIISHIN, 16 CTBOPIOIOTHCS YMOBHU PO3-
KPHTTS 3a30py B NpuBoJi oaayi. CriocrepiraeThbest
3HAQUHUI PICT aMIUNTyAd KOJHMBAJbHOTO IeEpeMi-
IICHHS CyNopTa 3 MepioJUYHICTIO, IO BTPHUYI Iie-
pEeBHIIY> 3BOPOTHY. 3a JaHMX YMOB aMILTITyIa
HE3aTyXaloYWX KOJNMBaHb IEPEBUIIYE HACTPOIO-
BaHHS 30HM HEUYYTJIMBOCTI ajamnTepa, i cucTema
KepyBaHHS J]a€ KOMaHIW Ha BMUKaHHS 200 BHMH-
KaHHs 0J1avi 3a I[i€F0 KOOPAMWHATOIO 13 YaCTOTOH
BUOIpKH 3a30py. Y pe3yibTaTi Ha MOBEPXHi rpede-
HA 3QT3HAYHOTO KoJjieca 3 SBISIOTBCS —«BPI3M»
W OIYKJIOCTI, IO BHKIHMKAE HEOOXiJHE MepeTouy-
BaHHS KoJjeca.

IIpu pyci moB3yHa m3; y TpUBOII HOTO momadi
TaK0X BUHUKAIOTh YMOBH I (DOPMYBaHHS 3a30py
(puc. 3, 6) i BigOyBaeThCs 1€ 0 peBepca Mmoiavi.

X, MM
0.03| (A e
122J\24/J12ﬂ1 8| 180 132 134 136 138
_0’ ] T~/ ‘V’J\‘\/’J\-\//\‘\/A
X2 MM
0,1
I T, C
07154 134 136 138
0,1 S N NN
a—da
Y,Mm
e
0,05 ' I
0 50 o) 51| [0l 80 =
-0’05 U u UL LA Y e W N )
0—-b

Puc. 3. Hecrilikuii pyx:

a — CyopTa Ta MPOTUBATH HA JUISHIN PO3KPHUTTSI 3a30py
B IIPUBO/II BEPTUKAIBHOI IO/1a4i; 6 — MOB3YHA HA JIUISHIT
PO3KPUTTS 3a30pY B MPHUBOJIi TOPU30HTANILHOI TO/1a4i
(1,=0,5 mm; 1,=1,5 mm; 0=1/3 p)

Fig. 3. Unstable motion:

a — of support and counterweight in the section for opening the
gap in the vertical drive; b — of slide at the section of the the
gap opening in the drive of horizontal feed (#;= 0.5 mm,
t=1.5 mm, o=n/3 r)

Ha ninsatii nmpodinto, 1e CTBOPIOIOTECS YMOBU
ans piBHOCTI —P,=F), Bin0OyBa€eThCs BUOIpKa 3a30-
py B mepenayi, a 3MiHHHH XapakTep CHJ pi3aHHS
1 Tepts poOuTh BUOIpKY 3a30py Oaratopa3oBOrO
i mBHAKO 30imbIIye 3a3o0p. JlmHamiuHa cucTema
NPUBOJY MOB3YHA JIOCHUTH JKOPCTKA Ta BUCOKOYAC-
TOTHA, TOMY YyTJHBa 10 BHOIpKH 3a30py. Pexxum
HECTIHKOTO PyXy 3 MEePioANIHOI0 BUOIPKOIO 3a30py
NPy pyci cynmopra MOXKHa BUMHKHYTH, SIKIIO 3Me-
HIIUTH Bary MPOTHBAard m, AJsl TOTO, MO0 3011b-
mmTH cuny Fy. Ile Tpoxu 30UTBIIUTE CTaTHYHE
HaBaHTA)KEHHS Ha XOJOBUI T'BHHT, aine 3abesre-
YUTh Y HEPEBEPCUBHIN 3a Li€I0 KOOPIUHATOIO Tie-
penadi ogHOOIYHE PO3TANIyBaHHS 3a30py W TUM
CcaMUM BHUMKHYTh HOTO BHOIPKY.

Ha puc. 4, a npencrasienuil pe3yiabraT Moje-
JIOBaHHS PyXy CYyNopTa 31 3MEHIIEHOI 10 HeoO-
XiJTHOTO Macor0 MPOTHUBArd. SIk BUIHO, HECTIUKUIT
PEKUM PYXY 3 PO3KPUTTAM 3a30py B IPUBOJI Bil-
CyTHill. BUMKHYTH BUOipKy 3a30py B peBEpCHBHO-
My IPHUBOI PyXy IOB3YHa HEMOKIUBO, IS 3a0€3-
NEeYeHHS JOCTAaTHBOI TOYHOCTI OAEP)KYBaHOTO
npodio mepenavyy «rBUHT — Taiika» 1 HampsMHI
KOB3aHHS TOB3yHa HEOOXIJIHO OCHACTHTH NpH-
CTPOEM TIOCTIHHOI BHOIPKH 3a30py abo HOTO pery-
JIIOBaHHSM /10 BEJIMYMHH, IO HE MEpeBHUIIyE Ha-
CTpPOIOBAaHHS 30HU HEUYTIUBOCTI afanrepa.

Ha puc. 4, 6 npencraBinennii pe3yabTaT MOJIE-
JIFOBAHHS TMIPOXOKEHHSI 30HU BHOIPKH 3a30py NpHU
3MEHILEHIH HOoro BEINYUHI.

0 122 124 126 128 130
-0,02

-0,04

2 134 1?6 7, ¢

X7, MM

V, MM
0,02
0,01

-0,01

2002 | | | |

: T
o-b

Puc. 4. Criiikuii pyx:
a — cymopTa 31 3MEHIIIEHOIO MAcOI0 MPOTHBATH B TIPHUBOI
BEPTHKAIBHOI [10/1a4i; 6 — II0B3yHA 31 3MEHIIIEHUM 3230pOM
y IIPUBOJI TOPU3OHTAIBHOI oAl

Fig. 4. Stable motion:
a — of the support with a reduced weight of counterweight
in the drive of vertical feed; b — of slide with reduced gap
in the drive of horizontal feed
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HaykoBa HOBHU3HA Ta NPAKTHYHA
3HAYMMICTh

CrBOpeHi Npy>KHI HeNiHiHI AMHAMIYHI Moneni
cymopra i moB3yHa. CkiazieHi, BiAOBiAHO, MO,
1 BUpINICHI PIBHAHHSA PyXy Mac Ta HaBaHTAKCHHS
3B’SI3KIB.

MonenroBaHHsIM BU3HAUYEHI AKICHI W KUJIBKICHI
YMOBH, TIPH SKUX HECTIMKUI pyX CyIopTa i MOB3Y-
Ha 3 TEpeKJIaJaHHIM 3a30piB HE BiAOYBaEThCA.
PexkomMeH/10BaHO 3MIHUTH Macy MPOTHUBATH.

BucHoBxku

IcHyIOTH yMOBH, NpU SKUX Yy TPHUBOAI Tomadi
CyIopTa ¥ MOB3yHa PO3KPHBAIOTHCS 3a30pH, NPH-
YoMy 1€ MOXJIMBO TIpH Oy/b-sSKOI T€OMeTpii mpo-
(himro xorneca.

Oco0MMBOCTI HaBaHTAXKEHHSI CYIIOpTa ¥ MOB3Y-
Ha, 110 GOPMYIOTh I'pebiHb peasbHOro (3 Girapmo-
HITHUM MPUITYCKOM) KoJjieca BEAYTh J0 BUHUKHEH-
HS TUITHOK 0OpOOKH, Ha SKHUX BimOyBaeTbcs Oara-
TOpa30BE PO3KPUTTS 3a30piB y Meperadax MpHBO-
B 1Momay 1 30UTbIIYEThCS TOMMIKA (OPMO-
YTBOPEHHS.

Bu3HaueHi sikicHI Ta KUTBKICHI YMOBHU npu 00-

IIpu o0OpoOIi
f 0ChOBa CKJIAJIOBI CHJIM pi3aHHS, 110 HABAHTAXY-

pobui pizHUX mpodiniB Komeca, 3a SIKHMH HECTil-
KUH pyX 3 TNepeKiIagaHHsM 3a30piB B IPHBOJAAX
CymnopTa Ta IOB3YHA HE BiIOYBAETHCS.

rpebeHsi Koieca paliaibHa

I0Th CYTIOPT 1 TIOB3YH BepcTaTa, 3HAKO3MiHHI.

CIIMCOK BUKOPUCTAHUX JIXKEPEJI

Bacunbes, I'. H. ABTomMaru3anus npoekTupoBaHus MeTajuiopexxymux crankos / I'. H. BacunbeB. — Mocksa :
MammHocTpoenue, 1987. — 280 c.

136-151.

monorpadis / B. b. CrpyTuHChKHH,

2. TaiiBopoHchkuii, O. A. YMoBM 3a0e3leyeHHsS SIKOCTI BIJIHOBJICHMX HAIUIABJICHHAM 3ali3HWYHUX KoOJiic /
O. A. TaiiBoponcekuii // Hayka Tta mporpec tpancmopry. — 2016. — Ne 5 (65). — C.
doi: 10.15802/stp2016/84078.

3. JACTY TI'OCT 10761:2016. Koneca cyuinpHokatani. Texniuni ymoBu. — Ha 3aminy I'OCT 10761-2004 Ta
I'OCT 9036-88. — Yunnanii Bix 2016-09-01. — Kuis : JlepkcnoxuBcranaapt Yxpainu, 2016. — 15c¢.

4.  Kenpos, C. C. Konebanns meramiopexymux crankos / C. C. Kegpos. — Mocksa : MammaOCTpoenue, 1978. —
199 c.

5. Kynuk, B. K. TIporpeccuBnsie nporieccsl 00padotku ¢aconnsix mosepxuocreit / B. K. Kynuk, 0. B. Tlerpa-
kxoB, B. B. MotoB. — Kuis : Texnika, 1987. — 176 c.

6. JleBun, A. . MaTtemaTn4yeckoe MOACITHUPOBAHHE B UCCIICAOBAHHUIX M TPOCKTHPOBAHUH cTaHKOB / A. U. JIeBuH.
— MockBa : MamuHocTpoenue, 1978. — 184 c.

7.  Ilerpakos, }O. B. Konrypnas obpaboTka (aconHsix nosepxnocreii neraieit / 0. B. Ilerpakos, U. I'. deno-
peHko // MeTayuiopexxyline CTaHKH : pecil. MeXBe/. Hayd.-TexH. c0. — Kues, 1984. — Bpin. 12. — C. 39-42.

8. Ilerpakos, IO. B. MoznenupoBanue ramenus kojieGanuii npu TokapHoit oopadotke / FO. B. Ilerpaxos // BicH.
Hall. TeXH. YH-TY YKpaian «KuiBcbkuil nomitexHiyHui iHcTuTy ™. Cepis: MammnoOyryBaHHs : 30. HayK. np. /
Han. texH. yu-T YKpainu «KuiB. monitexs. iH-». — Kuis, 2016. — Ne 2. — C. 119-124.

9.  Tlorpe6nsik, P. I1. DxcniepuMeHTaNbHOE UccieaoBaHue GOPMBI IIPOKATAHHON 3arOTOBKHU JKEJIE3HOZOPOXKHOTO
koneca / P. I1. [Torpe6nsik // [IpousBoacTBo mpokaTa. — 2012. — Ne 2. — C. 29-33.

10. Crpyruncekuii, B. b. BibpamiiiHi mporiecn MexaHiqHOT 0OpoOKH :

I. B. Ilepoinos // Hai. TexH. yH-T YKpainu «Kui. monitexs. in-m. — Kuis, 2015. — 579 c.

11. Crpyruncekuii, B. b. Maremarnune MoenoBaHHs mpoleciB Ta cucreM MexaHiku / B. b. CtpyTuHcbkuit. —
Kurtomup : XKITIL, 2001. — 612 c.

12. Gegg, B. C. Machine Tool Vibrations and Cutting Dynamics/ B. C. Gegg, C. S. Suh, A. Luo. — New York :
Springer, 2011. — 179 p. doi: 10.1007/978-1-4419-9801-9.

13.  Multipoint Constraints for Modeling of Machine Tool Dynamics / C. Brecher, M. Fey, C. Tenbrock,
M. Daniels // Journal of Manufacturing Science and Engineering. — 2016. — Vol. 138 (5). — P. 117-124.
doi: 10.1115/1.4031771.

14.

Pogrebnyak, R. Load and shaping precision of a complex railroad-wheel surface / R. Pogrebnyak // Russian
engineering research. — New York : Allerton Press, Inc.,, 2012. — T. 32, No. 4. — P. 407-411.

doi: 10.3103/S1068798X12040211.

doi 10.15802/stp2017/109606

© P. II. Ilorpebusk, 2017

103



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

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKOro
HAI[IOHAJIBHOTO YHIBEPCHTETY 3aIi3HUYHOr0 Tpancmopty, 2017, Ne 4 (70)

HETPAIULIIIHI BUJA TPAHCITOPTY. MAILIMHUA TA MEXAHI3MH

P. I1. [IOT'PEBHIK

1*Kacb. «[IpuknanHas MexaHuKa», HannoHanpHast MeTayuypruueckast akageMust YKpaussl, np. ['arapuna, 4, launpo,
Vxpauna, 49005, ten. +038 (056) 743 32 76, +38 (095) 499 75 54, »n. noura pogrebnyakk@ukr.net,
ORCID 0000-0002-4685-1818

YIPYT'ASI HEJIMHEHHAS JIMHAMUKA IBUKEHUS CYIIIIOPTOB
KAPYCEJIBHOI'O CTAHKA JISA OBPABOTKH
AKEJE3HOAOPOKHBIX KOJIEC

Heas. B pabore mpennonaraercss onpeaeanTs YCIOBUS 00pa30BaHU AMHAMIYECKON ITOTPEITHOCTH KOHTYPHOU
MEXaHU4IEeCKOH 00pabOTKH pe3aHHEM MTOBEPXHOCTH I'PEOHS PearbHOTO JKEJIE3HOAOPOKHOTO KOJIEca JalledHbIM Pe3-
[IOM U NPEJIOKHUTH CIOCOOBI ee yMeHblIeHus. MeToanKa. 3ajaua peranach MyTeM CO3AaHMs HEIMHEHHONW NuHa-
MHYECKOH PAacYeTHOM YMpPyroi MOJEIH C MOCIEAYIOIUM MOAEIUPOBAHUEM €€ HArPYKEHHUsI BHEITHUMH CHIIOBBIMHU
(baKTOpaMI/I, 3HAYCHUC KOTOPBIX 6BIJ'II/I MOJYYCHBlI AaHAIUTUYCCKUM U JSKCHCPUMCHTAJIbHBIM METOAaMMH. PacueTnas
cXeMa ypaBHOBELICHHOT'O CYIIOPTa MPEJCTaBiIsIeT cOOOH HEIMHEWHYIO JBYXMAacCOBYIO CHUCTEMY, NTUHAMHYECKas
MOJeJIb NOJI3YHa — OAHOMACCOBasd, C OJHOU CTENeHbIO CBOOOIBI. B 0CHOBY MaTeMaTHYEeCKOTrO ONUCAHUS TEXHOJIOIH-
YECKMX Harpy30K I1OJIOXKEHBI Pe3YJIbTaThl 3aBOJCKHX TECTOB, a TAKXKE aHAIUTHYECKHE OOOOLICHUS, IMOyYeHHBIC
METOJIOM COIIOCTABJICHUS! HECKOJIBKUX cXeM (opMooOpa3oBaHus TpeOHs Koyeca. AHAIUTHYECKOE OIpejelieHne
COCTaBJISIFOIIIMX CHJIBI PE3aHMsl YUUTHIBACT M3MEHEHHsI KHHEMAaTHUECKHX ITapaMeTpoB peXUMa pe3aHus NpHu oopa-
6oTtke mpodming dacoHHEIM WHCTpyMeHTOM. Pe3yabTaThl. [lpn 0OpaboTke TpeOHS Koeca pamuanbHas W oceBas
COCTaBJISIIOLIME CHJIBI PE3aHMs, Harpy’Karollue CYIIOPT M MOJI3yH CTaHKa, 3HaKoIepeMeHHBI. CyIIecTBYIOT yCIO-
BUSI, TIPH KOTOPBIX B MPUBOJE ITOJAYM CYNIIOPTa M TOJI3yHA PACKPBIBAIOTCS 3a30pbl, MPUYEM 3TO BO3MOKHO NP
nr000# reomeTpun npoduis koneca. OcOOEHHOCTH HArPy3KH CYIIIOPTa U MOJI3yHa, popMmupyroiue rpedeHb peasb-
HOTO KoJeca (¢ ONTapMOHHYECKHUM TIPHUITYCKOM), BEAYT K BOZHUKHOBEHHUIO Y4aCTKOB 00pabOTKH, Ha KOTOPBIX MPO-
HCXOJUT MHOTOKPAaTHOE PAcKpBITHE 3a30pOB B Iepeadax MPUBOIOB MOJa4 M YBEJINYMUBAETCs omMOKa Gpopmoodpa-
3oBaHus. HayuHasi HOBU3HA. ABTOPOM CO3/IaHBI yNIPYT'He HENWHEIHbIe THHAMUYECKHE MOJIEIH CYNIopTa U MoJI3y-
Ha. COCTaBJICHBI B COOTBETCTBUU MOJIEINH, PEILICHBI YPAaBHEHUS IBUKEHUS MacC U Harpy>keHus cBsa3eil. OnpeneseHsl
ycnoBusi ycroiuuBoro apwxenus. [lpakTnyeckast 3HaYMMOCTh. MoJIEIMPOBaHNEM ONpE/IEICHbl KaueCTBEHHbIC
W KOJIMYECTBEHHBIEC YCIIOBHUS, NP KOTOPBIX HEYCTOWYMBOE IBIDKEHHE CYNIIOpTa M IHOJ3YHA C IEpeKyiabIBaHHEM
3a30pOB HE MPOUCXOIUT: JIIs TOTO PEKOMEHIyeTCsS U3MEHUTD BeC IPOTUBOBECA.

Kniouesvie cnosa: xene3sHOJOPOKHOE KOJIECO; CTAaHKH Ui 00pabOTKH KETEe3HOAOPOXKHBIX KOJEC; AUHAMHUYe-
CKHE Harpy3KH; JMHAMHYeCKasi TOUHOCTh; 3a30Pbl; KoJeOaHHs

R. P. POGREBNYAK"

"Dep. «Applied Mechanics», National Metallurgical Academy of Ukraine, Gagarin Av., 4, Dnipro, Ukraine, 49005,
tel. +038 (056) 743 32 76, +38 (095) 499 75 54, e-mail pogrebnyakk@ukr.net, ORCID 0000-0002-4685-1818

ELASTIC NONLINEAR DYNAMICS OF MOTION OF SLIDE OF
VERTICAL TURNING MACHINE FOR WORKING OF SOLID-ROLLED
RAILWAY WHEELS

Purpose. The article is aimed to determine the conditions of a dynamic error formation of contour machine cut-
ting of surface of the real railway wheel flange by the cup-tip tool and propose the ways of reducing the errors.
Methodology. The problem was solved by the creation of dynamic nonlinear and elastic calculation model with
further modeling of its loading by the external force factors. The values of forces were obtained by analytical and
experimental methods. The calculation scheme of the equilibrium support is a nonlinear two-mass system,
a dynamic model of slide - single-mass with one degree of freedom. The basis of the mathematical description of
technological loads is the results of factory experiments, as well as analytical generalizations obtained as a result of
the comparison of several schemes of the formation of the wheel flange. Analytical determination of the components
of the cutting force takes into account the changes in the kinematic parameters of the cutting mode when the
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profiling is done using a shaped tool. Findings. During processing of the wheel flange the radial and axial compo-
nents of the cutting forces that load slide and slide-block of machine are alternating. There are conditions in drive of
slide and slide-block when the gaps appear, and it is possible at any profile geometry of the wheel. The peculiarities
of loading of the slide and slide-block forming a flange (with biharmonic allowance) cause the occurrence of the
processing areas where the gaps increase many times in drives of mechanical transmissions and error of forms in-
creases. The dynamic system of the drive is quite tough and high-frequency and it is sensitive to the presence of
gaps. Originality. The author created elastic nonlinear dynamic models of support and slide. In accordance with the
model it is written and solved equations of motion of the masses and loading of the connections. The conditions of
the stable motion were found. Practical value. It is determined by modeling the qualitative and quantitative terms of
stable motion without gaps. It is recommended to change the weight of counterweight.

Keywords: railway wheel; railway wheel processing machines; dynamic loading; dynamic precision; gaps;
vibrations
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Purpose. The research paper proposes to estimate the effect of heat inertia of the water heating system,
in transient operation modes, on the temperature condition in the passenger car, as well as to offer technical solu-
tions intended to reduce the heating system inertia effect and to maintain a stable temperature condition in the pas-
senger car premises in transitional modes of the heating system. Methodology. The author developed the method for
controlling the heat transfer of heating system pipes with the help of regulating casing. To control the heating
system and the heat transfer of heating pipes, two types of temperature control sensors were used in the passenger
car: certain sensors interacted with regulatory casings, while the others interacted with high-voltage tubular heating
element control devices. To assess the efficiency of heat interchange regulation of heating pipes and the heating
system control, with installed regulating casings, the operation of the heating system with regulating casings and two
types of sensors was mathematically modelled. Mathematical modelling used the experimental test data. The results
of experimental tests and mathematical modelling were compared. Findings. Currently in operated passenger cars,
control of heating appliances is not constructively provided. Automatic maintenance of the set temperature in a pas-
senger car is limited to switching on and off of high-voltage tubular heating elements. The use of regulating casings
on heating pipes allows reducing the effects of heat inertia and maintaining stable thermal conditions in a passenger
car, using the heating system as a heat accumulator, and also provides the opportunity to realize an individual
control of air temperature in the compartment. Originality. For the first time, the paper studied the alternative ways
of regulating the temperature condition in a passenger car. Using of the heating system as a heat accumulator.
Practical value. The regulation of the heat transfers of the heating pipes by regulating casings allows reducing the
effect of thermal inertia of the heating system on the temperature condition in a passenger car, implementing
individual adjustment of air temperature in a compartment within 40% of the power of the heating pipe section,
using the heating system as a heat accumulator.

Keywords: heating of passenger cars; free convection; heat transfer; heat accumulator

system is different, the higher the speed of the car,

Introducti . : .
ntrocduction the more the required heating capacity of the heat-

During operation, it is practically impossible to
maintain the required heat transfer fluid tempera-
ture in the passenger car boiler. This is due to the
shutdown of high-voltage electric heating tubes of
the heating system. The reasons for the shutdown
are different during moving and standing with
subsequent heating, resulting in transient heating
modes that cause temperature fluctuations in pas-
senger cars. This process is compounded by the
fact that during moving and standing of a passen-
ger car the required heating capacity of the heating

ing system increases, this is confirmed by the
results of the study [4], Fig. 1.

Transitional modes are compounded by the
large heat inertia of the heating system. The
installed high-voltage heating tubes also have heat
inertia, which also affects the inertia of the heating
system. The installed sensors for monitoring the
temperature in the car have no correction for the
inertia of the heating system.
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Fig. 1. Required heating capacity of the passenger car
heating system in relation to traffic at various outdoor
temperatures

Since 2004, all types of cars are equipped with
air-conditioning units [2]. The water heating
system with smooth regulation of the boiler’s heat
output in the range of loads from «0» to 48.0 kW is
proposed. For this purpose, the boiler is equipped
with three groups of electric heating: I group —
24.0 kW, 3 kV, II group — 12.0 kW, 3 kV, III
group — 12.0 kW, 380 V. The third group of the
boiler is connected to the air conditioner converter
circuit through the appropriate switching devices.
The converter provides for smooth regulation of
the output power from «0» to P,,, (12 + 17 kW).
Therefore, the III group of the boiler will have
smooth power regulation from «0» to
P, =12kW . As a result, the entire range of heat

output of the boiler will be with smooth regulation.

The disadvantage of the proposed system is that
the system can work qualitatively when heating the
boiler only with electricity.

The work [2] considers the water heating
system with smooth regulation of heating output of
heating pipes at boiler combined heating. The
system 1is designed for smooth regulation and
stabilization of the heat transfer fluid temperature
at the inlet to the heating devices, respectively, at
transient and steady-state modes, stabilizing the air
temperatures inside the car during cycling of high-
voltage heating groups of the boiler, and also when
the boiler is operated with solid fuel.

Fig. 2. Layout of water heating with separation of flows:
1 —Dboiler; 2 — divisor; 3 — circulating pump; 4 — heating pipes;
5 — air line; 6 — feeding pipe; 7 — air heater; § — mixer;

9 — bypass pipe; 10 — expander; /1 — overflow pipe;

12 — drain plug

The principle of operation of the system, whose
layout is shown in Fig. 2, consists in the separation
of the heat transfer fluid flow at the inlet to the
boiler into two adjustable parts by the divider 2
with an electric drive. One part of the flow returns
to the boiler /, and the second one through the by-
pass pipe 9, passing the boiler, goes to the mixer §.
The movement of the heat transfer fluid through
the system is carried out by a circulation pump 3.
Depending on the required heating
output of the system, a heat transfer fluid with the
required temperature is fed into the heating devices
through the mixer 8. In this case, there is no need
for strict maintenance of any value of the heat
transfer fluid temperature at the outlet from the
boiler.

This system can only work when the circulation
pump is on, which reduces its reliability.

The work [8] proposes to use the heating
system as a cold and heat accumulator; the
selection of accumulated, cold or heat is assumed
only through the water heater, without additional
conversion of the heating system. Using a heating
system as a cold accumulator is possible, but as a
heat accumulator without additional conversion is
impossible, since the heating system will work in
the wusual heating mode. The publication of
specialists [1] is devoted to the interaction of heat-
ing and ventilation systems; the work proposes to
automate the operation of the water heater to
maintain the set temperature, the outer air heated in
the heater and fed by the ventilation system.
Improvement of the operation of refrigerating
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equipment of passenger cars in transitional modes
was considered in [11].

The study [14] is aimed at reducing the energy
costs of modern light rail system Luas operating in
Dublin, Ireland, through the optimization of the
heating and ventilation system. The work [12]
studied the Swiss railroad vehicles of Swiss Rhae-
tian Railway (RhB). The research is aimed at
improving the energy efficiency of life-support
systems for railway vehicles, by reducing the
consumption of outside air by way of controlling
CO, content in the air. The publications [5, 9, 13]

are devoted to the improvement of air conditioning
systems of modern passenger cars. Problems of
increasing the comfort of passenger transportation
are also examined in the scientific works of other
researchers [7, 10], but they consider other aspects
of comfort, which are associated more with the
improvement of the dynamic characteristics of
passenger rolling stock.

Proceeding from the foregoing, it follows that
along with comparatively large volumes of
research on improving the design of passenger car
heating systems [1, 2, 4, 8, 11, 12, 14], the tasks of
ensuring the maintenance of a stable temperature
condition in passenger premises are practically not
considered and require more effective solutions.
Therefore, the direction of research related to
improving the efficiency of the operation of
heating units for passenger cars is an urgent
scientific and applied task.

Purpose

The purpose of this study is to develop
technical solutions to improve the design of the
water heating system, in order to ensure a stable
temperature condition in the passenger -car
premises in transitional modes of the heating
system

Methodology

To carry out the research it was necessary to
solve the following tasks:

— Analyse the shared participation of
convective and radiant heat exchange on the
surface of heating pipes;

— Evaluate the heat transfer efficiency of heat-
ing pipes, when installing the regulating casing.

On the heating pipe surface there is the

convective heat exchange with the internal air and
the radiant heat exchange with the walls and
internal equipment of the car. The intensity of such
heat exchange is estimated by the heat transfer

coefficienta., W/(m*-K), [6]:

oa=a,+a, €]
where a, radiant heat-transfer coefficient,
W/(m* -K); o, — convection coefficient,
W/(m* -K).

For different bodies the radiation factor is
different [3]. Its value is determined by the nature
of the body, its surface state and temperature. This
law establishes the dependence of the density E,

of the body integral radiation flux on its
temperature. For an absolutely blackbody:

Ey=0,T", 2

where o, — Stefan-Boltzmann constant
o, =5.67-10°W/(m*-K).
In technical calculations, this law is applied in

the more convenient form:

T 4
Eo_ o(ﬁ) ’ (3)

where ¢, — blackbody coefficient.
c,=6,-10°=5.67-10°W/(m* -K).

Consequently, the radiation energy of the
absolutely black body is proportional to the fourth
power of the absolute temperature.

This law can be applied to real bodies. In this
case, it takes the form:

4
E= c(%j . )

Here c is the radiation factor of various bodies.
It varies from 0 to 5.67.

Comparing the flux density of the body’s
self-radiation with the radiation flux density of an
absolutely black body at the same temperature, we
obtain another characteristic of the body, which is
called the emissivity factor €.
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g=—=—. ®)

The value of € varies from 0 to 1, which is
convenient.
In this case we have for a real body:

T 4
E=¢F£ =¢cc,| — | . 6
) CO(IOO) ( )

The flux of radiant heat exchange between two
grey surfaces in an enclosed space, when one of
the surfaces with the area F, flows around the

other with the area £, is calculated by the for-

_ LY (Y

Where the expression:

mula:

1
YT R Y ®
g, Iilg
is called the reduced blackbody emissivity
factor.
With regard to heating pipes:
F, —surface of the surrounding object (i.e., surface

of the walls and the internal equipment of the car);
F, —surface of heating pipes.

If we consider the last formula (8) with respect
to the heat transfer on the unit of the heat-sensing
wall surface, the specific heat flux of the radiation

will be:
4 4
T T,
= — | === |. 9

Taking into account that the specific heat flux
by convection is determined by the formula:

(10)

where 7, — pipe temperature, °C; 7, — air tempera-

ture, °C,
And the total heat flux ¢, by convection and
radiation is as follows:

qc :(x’c(tp _tn) b

(11

Taking into account the expression (11), we
obtain a formula for calculating the radiation heat
transfer coefficient:

q:qr+qc‘

7V
a, =0.04e,c,| —| . 12
' ”CO[looj (12
In formula (12) T, =0.5-(T,+T,) is the

average temperature of bodies exchanging radiant
heat.

With respect to the heat exchange between the
heating pipes and air in the car, index 1 refers to
the surface of the pipes, index 2 refers to the car
inner equipment surrounding the pipe.

To determine the convective heat transfer coef-
ficient, we use the criteria for the dependence of
the Nusselt number N, on the Grashof number G,

and the Prandtl number P :

N,=c(G,-P)n. (13)

Having determined N, , we calculate the value
of the convective heat transfer coefficient:

Nuk
a, =
d

where A — air thermal conductivity coefficient,

, (14)

W/(m*-K); d — determining dimension, here the
pipe diameter, m.

The value of the coefficients ¢ and #n, as well as
the product G, and P. in the formula (13) is

determined by the data of the table given in [3].

Having determined the value of heat transfer
coefficient o, we calculate the heat transfer of the
heating pipes O, W ;

O, =aF(t, -1,). (15)

Calculations of the heat transfer fluid
temperature at various points along the pipe are
made using the formula:

t=t +("—t)e ™.

(16)

Let us analyse the share of convective heat
transfer on the heating pipes of the heating system,
the calculation results are summarized in Table 1.
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Table 1
Heat transfer of the radiator from horizontal metal pipes at free convection

Initial data Notation Values Units
1 Radiator pipe diameter = 76 mm
2 Radiator length (one pipe) = 22 m
3 Number of pipes in radiator N= 2 pcs.
4 Water temperature a"c the beginning of the = 85 oC

pipe
5 Water temperature at the end of the pipe ty= 65 °C
6 Indoor air temperature t,= 22 °C
7 Type of pipe outer surface Grey paint
8 The Stefan-Boltzmann constant C,= 5.67 W/(m*-K*)
9 Acceleration of gravity g= 9.80665 m/c?
10 Emissivity factor of pipe surface e= 0.900 -
11 Average temperature of pipe walls o 75.0 °C
12 Temperature drop dt= 53.0 °C
13 Air volume expansion coefficient b= 0.00339 /K
14 Kinematic viscosity of air n= 0.0000133 m’/c
15 Prandt] number P = 0.7035 -
16 Air thermal conductivity A= 0.026119 W/(m-K)
17 Radiator surface area A= 10.5055 m’
18 Heat flux 0,= 3536 W
19 Radiation heat transfer coefficient a, = 6.4 W/(m*K)
20 Grashof number G.= 3314599.8 -
21 Nusselt number N, = 19.5387 -
22 Convective heat flow 0.= 3477 W
23 Convective heat transfer coefficient a, 6.2 W/(m*K)
24 F.ull power of 0,- 7.013 kW
radiator heat flow 6.030 keal /h
)5 Radiator heat transfer coefficient f oo 12.6 W/(m’ K)
10.8 keal /(h'm*-K)
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As can be seen from the calculation results in
Table 1, the share of convective heat transfer is
46+40% of the total heat transfer, the variations
depend on dt of the temperature drop.

Free (natural) motion arises under the action of
heat exchange near the surface due to the
difference in the densities of air layers having
different temperatures: lighter heated layers are
forced upward by heavier cold layers.

In view of the foregoing, it can be proposed to
control the heat transfer of heating pipes due to
free convection, reducing or increasing the degree
of convective heat transfer on the surface of the
heating pipes. This can be achieved by installing
regulating casings on the heating pipes. The closed
space is formed with holes for convective heat
transfer, while the area of the holes for convective
heat transfer must be adjustable, which will allow
increasing or decreasing the degree of convective
heat transfer on the surface of the heating pipes.

Direct regulators can be used for automatic
regulation. The principle of operation of a
direct-acting thermostat is based on the phenome-
non of liquid volume change due its temperature
change. That will allow to more accurately react to
changes in air temperature in the car, increasing or
decreasing the degree of convective heat transfer
on the heating pipes, thereby controlling the heat
transfer of the heating pipes.

In this case, two types of air temperature sen-
sors will be installed in the car, some will interact
with the regulating casings, and others will interact
with the control devices of the high-voltage tubular
heating elements. The interaction between sensors
for monitoring the air temperature in the car should
be as follows: the high-voltage tubular heating
elements can be switched off only after full closing
of the regulating casings holes; they can be
switched on only after full opening of the regulat-
ing casings holes. The principle of the system
operation: when the car air temperature increases
to 20 °C, the area of the holes on the regulating
casings becomes smaller, and with an increase in
the car air temperature their area decreases; when
the car air temperature reaches 22 °C, the holes are
completely closed, only then the sensors of high-
voltage tubular heating element control devices are
activated, and the heating elements can only be
switched on when the regulating casings holes are

fully open. Thus, the heating system will
accumulate thermal energy and will function as a
heat accumulator. This gives advantages: the
accumulated heat in the heating system will always
be available almost instantly, when opening the
holes, i.e. increasing the free convection increases
the pipe heat transfer. Thus, it will be possible to
maintain a stable temperature condition in cars, as
well as to adjust individually the air temperature in
the compartment.

To assess the efficiency of heat transfer
regulation of heating pipes, with installed regulat-
ing casings, the operation of the heating system
with regulating casings was mathematically
modelled. During mathematical modelling we used
the formulas (1), (12), (14)—(16), the car air
temperature can be determined by the formula:

Or —Or + Oy +ay ity + 0, Foty +¢p
o[y +a,F, +cpG

[y = Solo (17)

where O, — heat loss through the car windows;
O, — heat emission of the fan; O, — heating
capacity of heating pipes; a,, o, — heat transfer
coefficients respectively on the inner surfaces of
the enclosing structures of the body and the
internal equipment of the car; F|, F, — inner

surface of the enclosing structures and the surface
of the internal equipment; # — average temperature

of inner surfaces of enclosing structures;
t, — average temperature of the surfaces of the
internal equipment.

Mathematical modelling was carried out for the
all-metal passenger car of model 61-826 built by
the Tver Carriage Works (TVZ). We used the
initial data given in [2] in Fig. 12. Graphs of
temperatures of the heat transfer fluid and air,
namely: 1-¢,,, 2-t, — temperature of the heat

out >
transfer fluid at the input and output of the boiler;
7-t, — outdoor air temperature, 5-¢, — indoor air

temperature of the car, 8 — switching on of high-
voltage tubular heating elements. The initial data
are summarized in Table 2.

The results of mathematical modelling are
shown in Fig. 3.
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Table 2
Initial date
Th 1 2 3 4 5 6 7 8 9 10 1
tin,°C 45 65 91 63 56 87 60 45 55 65 55
tout ,°C 32 42 63 44 32 62 53 32 39 45 37
t,°C 20 18 24 24 17 24 24 22 20 23 22
t0,°C -12 -14 -11 -19 -18 -17 -9 -12 -9 —6 -3
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Fig. 3. Diagrams of air and water temperature in boiler, switching on and off of high-voltage
tubular heating elements:
1 — water temperature in boiler, 2 — water temperature in boiler with regulating casings, 3 — air temperature in a car,
4 — air temperature in a car with regulating casings, 5 — outdoor air temperature, 6 — switching on of high-voltage
tubular heating elements
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Findings

As follows from the data of the diagram 3
shown in Fig. 3, fluctuations in the car air
temperature within the limits of 17 + 25 °C are
caused by the switching off of high-voltage tubular
heating elements, drop of the outdoor air
temperature, thermal inertia of the internal equip-
ment of the car, and thermal inertia of the heating
system. The process of differences occurs as
follows: when the car air temperature drops to
18 °C, the control equipment switches on the high-
voltage tubular heating elements; during the time
of overcoming the inertia (heating) of the heating
system, the car heat loss continues and the car
temperature drops; when the system is heated the
air temperature rises; upon reaching 22 °C, the
control equipment switches off the high-voltage
tubular heating elements, but in view of the large
heating system inertia, the car air continues to heat
up to equality between the car heat loss and
thermal output of heating tubes, whereby the car
air temperature ranged between 17 + 25 °C.

When using the regulating casings of heating
pipes (diagram 4, Fig. 3), the car air temperature
fluctuated within 20 + 23 °C. This is due to the fact
that when the air temperature in the car reached
22 °C, the regulating casings decreased the heat
transfer of the heating pipes, when the car air
temperature was below 22 °C, the heat transfer of
the heating pipes increased, resulting in reduced
effect of thermal inertia of the heating system.
Comparing the diagrams 1 and 2 in Fig. 3 of water
temperature in boiler, it can be seen that with
regulating casings, diagram 2, the water
temperature in boiler is higher than that without the
regulating casings, diagram 1, under the same
conditions of the system heating and the car heat
loss. This leads to the conclusion that the heating
system, while performing their functions, can act
as a heat accumulator.

The use of regulating casings on heating pipes
allows reducing the effects of heat inertia and
maintaining stable thermal conditions in a
passenger car, using the heating system as a heat
accumulator, and also provides the opportunity to
realize an individual control of air temperature in
the compartment.

Originality and practical value

For the first time, the paper studied the
alternative ways of regulating the temperature
condition in a passenger car. Using of the heating
system as a heat accumulator. The regulation of the
heat transfer of the heating pipes by regulating
casings allows reducing the effect of thermal
inertia of the heating system on the temperature
condition in a passenger car, implementing
individual adjustment of air temperature in a
compartment within 40% of the power of the heat-
ing pipe section.

Conclusions

Analysis of the study, control of the heating
system inertia in the passenger cars, made it
possible to single out one of the problems in the
operation of the heating system, the unstable
temperature condition caused by the large thermal
inertia of the heating system.

Currently in operated passenger cars, control of
heating appliances is not constructively provided.
The heating pipe performance can be controlled
only by the temperature of the heat transfer fluid in
the heating system, into which the heating pipes
enter as a heater. Automatic maintenance of the set
temperature in a passenger car is limited to
switching on and off of high-voltage tubular heating
elements.

The paper proposes and examines the issue of
automatic maintaining a stable temperature
condition in a passenger car by installing regulating
casings on heating pipes. The mode of
operation and interaction of air temperature sensors
in the car is proposed.

This method of pipe heat transfer regulation will
allow reducing the effect of thermal inertia of the
heating system on the temperature condition in a
passenger car, implementing individual
adjustment of air temperature in a compartment
within 40% of the power of heating pipes passing
through the compartment. Using a heating system as
a heat accumulator will allow a maintaining a
regulated temperature condition in the car for the
longer period, for example, at the marshalling or
turnaround stations. The operating mode and
interaction of sensors for monitoring the car air
temperature will allow maintaining a stable
temperature condition in the car.
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In addition, the results of research can be used modernize heating units in the cars of the
not only for the construction of new cars, but also to  operating park, in depot conditions.
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E. B. BUIOLLIMIbKUIT'"

4T IpoeKTHO-KOHCTPYKTOPChKE TEXHOIOTiuHe Gropo, JIHIMpONeTpOBCHKIIA HALIOHANBHHMI yHIBEPCHTET 3aTi3HIYHOTO TPAHCIIOPTY
iMeHi akazgemika B. Jlazapsna, Byn. Jlazapsiaa, 2, [lHinpo, Ykpaina, 49010, Ten. +38 (056) 371 51 12, exn. nomra
beloshickij@rambler.ru, ORCID 0000-0002-2424-8479

CIIOCOBM YIIPABJIIHHA IHEPTHICTIO OITAJIEHHA

Meta. Y HaykoBiil poOOTi mepen0adaeThcsi OMIHUTH BIUIMB TEIUIOBOI IHEPTHOCTI BOASHOT CHCTEMH OIAJICHHS
(pu nepexiHuX pexkuMax poOOTH) Ha TEMIIEPATYPHUI PEKUM y NMAcaKUPCHKOMY BaroHi. A TakoX 3aIlpOIOHYBaTH
TEXHIYHI pIlIEHHs, CHOPSMOBaHI Ha 3HIDKEHHS BIUIMBY TEIIOBOI iHEPTHOCTI CHUCTEMM ONAJICHHS Ta MiATPUMaHHS
CTaJIOr0 TEMIIEPAaTYpHOTO PEKUMY B NPUMINICHHSAX BaroHa Ha TMEPeXiHUX pEXHUMax CHUCTEMH OIAJICHHS.
Metoaunka. Po3pobieHo crocid kepyBaHHs TEIUIOBi1aueto 00irpiBalIbHUX TPYO CHCTEMH OMAJIEHHS 3a JJOIIOMOTOI0
PETYIOI0YNX KOXKYXiB. [ yIpaBTiHHS CHCTEMOIO OTIAJICHHS Ta TEIDIOBIqIaYeio OOIrpiBaIbHIX TPYO BHKOPHCTaHI
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JIBa TUIH JATYUKIB KOHTPOJIO TEMIIEPaTypy IOBITPS B BaroHi: OJHI B3a€MOMISIIM 3 PETYIIOIOYHMHU KOXKYXaMH,
a 1HOI — 3 TpUIaJlaMi aBTOMATHKU yHpaBiiHHA (HarpiBajgbHuMH BucokoBosbTHUMH TEHamu). [lns oninku edek-
TUBHOCTI PeryJIIOBaHHS TEIUIOBIAIaul ONaTIOBAJIBHUX TPYO Ta YIpPaBIiHHS CHCTEMOIO ONAalEHHS 3 BCTAHOBICHUMH
PETYJIIOIOUMMHU KOKYyXaMH MaTeMaTHYHO 3MOIEIbOBaHa poOOTa CHCTEMH ONAJICHHS 3 PEryIOBATbHUMH KOXYXaMH,
3 BUKOPUCTAHHSM JIBOX THIIB JaTYMKiB. [IJI1 MareMaTHYHOTO MOJIENIIOBAaHHS! BUKOPHCTAHI JIaHi eKCIIepUMEHTAab-
HUX BuUnpoOyBaHb. [IpoBeeHO NMOPIBHSAHHS PE3YJBTATIB E€KCIEPHUMEHTAILHUX BUIPOOYBaHb Ta MaTeMaTHYHOTO
MozemoBaHHs. Pe3yabraTtn. Ha nanuii yac B eKCIUTyaTOBaHHMX HAaCaKMPCHKUX BaroHax YIPAaBIIHHS NpHiIagaMu
OMaJICHHS KOHCTPYKTUBHO He rnependadeHo. ABTOMAaTHYHA IIATPUMKA 33JaHOI TEMIEpaTypd B MacaKUPCHKOMY
BaroHi 3BOTUTHCA IO BKJIIOYEHHS 1 BHUKIIOYEHHS BHCOKOBOJBTHHX TEHIB. 3acTOoCcyBaHHS PEryiiOI0UMX KOXKYXiB
o0irpiBabHUX TPYO M03BOJISE 3HU3UTH BIUIMB TEIUIOBO{ iHEPTHOCTI OMANEHHS I MiATPUMKHU CTIHKOTO TETJIOBOTO
peXHUMY B NACA)KUPCHKOMY BaroHi, BUKOPHCTOBYBATH CHCTEMY OIAJICHHS SIK TEIUIOBUI aKyMyJATOp, a TAKOX Ja€
MOXIIMBICTh pealli3yBaTH IHAMBIAyaJbHE PEryJIOBaHHS TeMIlepaTypu ToBiTps B Kyne. HaykoBa HoBu3HA. ABTO-
POM BIIEpIIIe TOCHTIPKEH] aJIbTePHATHBHI CIOCOOM PETYNIOBaHHS TEMIIEPaTypHOTo PEXXHUMYy B Barosi. Bukopucrani
CHUCTEMH ONAJICHHS K akymyJssitopu Temia. Ilpakruuna 3HaunmicTh., CTabinizaiis TEIIOBI a4l ONalOBaIbHUX
TpyO PEryNIOI0YUMH KOXYXaMH JJO3BOJISIE 3HU3UTH BIUIMB TEIJIOBOI IHEPTHOCTI CHCTEMH OIAJICHHS Ha TEMIIEpaTyp-
HHUH PEeXMM TOBITPS B BaroHi, peaji3yBaTH IHAMBIAyallbHE PETYIIOBaHHS TEMIIEPAaTypU MOBITPSl B KyIle B MeXax
40 % Bix MOTYXHOCTI AUISTHKH 00IrpiBaJIbHUX TPYO, @ TAKO)XK BUKOPHCTOBYBATH CHCTEMY OMAJCHHS SIK aKyMYJISTOP
Teria.
Kniouosi crosa: onaneHHs MacaXMPCHKUX BaroHiB; PHPOAHA KOHBEKIIIS; TEIUIOBIIa4a; aKyMyJIsITOp Terlia

3. B. BEJIOLLIMIKUI"

" [IpoeKTHO-KOHCTPYKTOPCKOE TEXHOIOTHIeCKOe 610po, JIHENpOIeTPOBCKHI HAIMOHATLHEINA YHHBEPCHTET
JKEJIE3HOJ0POKHOTO TPAHCIIOpTa UMEHU akajaemuka B. Jlasapsna, yi. Jlasapsna, 2, luunpo, Ykpauna, 49010,
ten. +38 (056) 371 51 12, an. mouTta beloshickij@rambler.ru, ORCID 0000-0002-2424-8479

CITIOCOBBI YITPABJIEHUA UTHEPTHOCTBIO OTOIVIEHUA

Hesas. B Hay4uHO# paboTe mpexArmoiaraeTcsi OUSHUTh BIMSHUE TEIJIOBOM MHEPTHOCTH BOISHON CHCTEMBI OTO-
TuIeHus (TIpU MEPEeXOIHBIX peKUMax paboThI) Ha TEMIIEPAaTyPHBIN PEXUM B MMACCAKUPCKOM BaroHe. A Taxxe HeoO-
XOAMMO TPEIOKHUTh TEXHUYECKUE PEIlICHNs], HAITPABJICHHbIC HA CHIKCHUE BIMSHUS TEIJIOBOW WHEPTHOCTH CHUCTE-
MBIl OTOILIEHUS U MOAJEP/KAHUE YCTOMUMBOIO TEMIIEPATYpPHOI'O PEKHMMa B IIOMEILIEHUSAX BAarOHA Ha IEPEXOIHBIX
pexuMax cucTeMbl oTomicHuss. Meroauka. PazpaboTan criocob ynpasiieHuUs TEIUIO0TAaucii 000rpeBaTenbHbBIX TPYO
CUCTEMBI OTOIUICHUA C MMOMOIIBIO PETYIUPYIOIINX KOXYXOB. I[J'lﬂ YyipaBJICHUA CHCTEMOM OTOIUICHUS U TCILIOOTAa-
4yeil 00OrpeBaTeNbHbIX TPYO HCIIOJIB30BAaHBI /IBa THIA JAaTYMKOB KOHTPOJIS TEMIIEpaTyphl BO3JyXa B BaroHe: OJHHU
B3aUMO/ICHCTBOBAIN C PEryJIUPYIOUIMMHI KOKYXaMH, a Jpyrue — ¢ MpuOOpaMy aBTOMATHKK YIIpaBieHHs (Harpesa-
TENILHBIMH BBICOKOBOJIBTHRIMH TOHamu). [[nist onieHKH 3 QEKTUBHOCTH PEryJIMpOBaHUS TEIJIOOTAAYH OTOIUTENb-
HBIX TPYO W YIpaBJIECHHS CHUCTEMOI OTOIUICHHS C YCTAHOBJICHHBIMU PErYIUPYIOUIMMHU KOXKYXaMH MaTeMaTH4YeCKH
CMOJIeNIUpOBaHa paboTa CUCTEMbI OTOILICHHUS C PEryIMPOBOYHBIMU KOKYXaMH, C UCIIOIH30BAHUEM JIBYX THIIOB Jat-
4yrKoB. JIJI1 MareMaTHYecKOro MOJICITUPOBAHKS MCIIOJIB30BaHbI JaHHbBIC YKCIIEPUMEHTAIBHBIX HCbITanuil. [IpoBe-
JICHO CpaBHEHHE pe3yJbTaTOB JKCIIEPUMEHTAJIbHBIX HCIBITAHUA W  MaTeMaTH4ecKOro MOJETHPOBAHHMS.
PesyabTaThl. B HacTosiiiee Bpemsi B 9KCIUTyaTHPYEMbIX ITACCAXKMPCKUX BaroHax yHpasjieHHe MPHOOpaMu OTOILIe-
HUsI KOHCTPYKTHBHO HE MPEIyCMOTPEHO. ABTOMATHUYECKOE MMOJICPIKAHUE 3aJaHHOW TeMIIepaTypbl B ACCAKUPCKOM
BaroHe CBOJUTCS K BKJIFOUEHHUIO U BBIKIIIOUEHHUIO BEICOKOBOJIBTHBIX TOHOB. [IpuMeHeHre peryaupyonmx KOxXyXoB
060rpeBaTeJ1be1x pr6 MO3BOJISIET CHU3UTh BIIMSIHUE TEIJIOBOU WHEPTHOCTU OTOIUICHUSA IJIA MOAACPKAHUA yCTOﬁ-
YHBOTO TEIUIOBOTO PEXXMMa B MACCaKUPCKOM BaroHe, UCIIOIb30BaTh CHCTEMY OTOIUICHUS KaK TEIUIOBOH aKKyMyJIs-
TOp, a TakXke /JaeT BO3MOXXHOCTh pEaJIN30BaTh WHAWBUAYaJIbHOE pEryJUpOBaHHE TeMIepaTypsl BO3IyXa
B kyrne. Hayunasi HOBHM3HAa. ABTOPOM BIIEpBBIC HCCJIEJOBAHBl AJIbTEPHATUBHBIE CIOCOOBI PETYINPOBAHUS
TEMIIEPAaTYpPHOTO peXuMa B Barone. VICIOJb30BaHbI CHCTEMbl OTOIUICHUS Kak aKKyMyJSITOp —Terlia.
MpakTuyeckasi 3Ha4UMOCTh. CTabHIM3aLHUS TEIUIOOTAYM 000TPEBATEIbHBIX TPYO PEryIHPYIOIIUMU KOXKYXaMu
MO3BOJISICT CHU3UTH BJIMSHHUE TEIUIOBOW MHEPTHOCTH CHUCTEMbI OTOIUICHHS HAa TEMIEPATypHBIH PEXHUM BO3IyXa B
BaroHe, peajin30BaTh HHANBHIYAIbHOE KOPPEKTUPOBAHHUE TEMIIEPATyphl BO3AyXa B Kyme B mpenenax 40 % ot mom-
HOCTH y4acTKa 000rpeBaTeNbHbIX TPYO, a TaKKe MCIOJIb30BaTh CUCTEMY OTOILUICHHS KaK aKKyMYJISITODP Terlia.

Knrouesvle crosa: OTOIUIGHHE MACCAKUPCKUX BArOHOB; €CTECTBEHHAs KOHBEKIHUS, TEIUIOOTAa4a; aKKyMYJISTOP
Teria
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TEOPETUYHUM BA3UC MAPAMETPUYHOI'O CUHTE3Y HECYUYHUX
CUCTEM BAI'OHIB

Merta. B ctaTTi noTpiOHO PO3IISIHYTH CUCTEMATU30BaHE Ta CTPYKTYPOBAHE MPEACTABICHHS TCOPETHYHUX OCHOB
ONTUMI3AI[IHHOIO IPOEKTYBaHHS BAarOHHUX  CKJIAJOBUX Ta NPAKTUYHUX 3aco0iB  Horo  peamizarii.
Metoauka. IlpoBeneHe AOCTIKEHHS, aHANI3 Ta y3araJlbHeHHs 0a3yloTbcs Ha pe3yJbTaTaX BUBYCHHS BiJOMHX
poOiT i3 TemMH, BIACHUX PO3pOOOK aBTOPiB, MATEMAaTHIHOMY OOIPYHTYBAHHI Ta KOMIT IOTEPHOMY MOJIEIIOBAaHHI.
IMpu po3paxyHKax CKJIJOBHX PYXOMOIO CKJIQJy BHKOPUCTaHI Cy4yacHi 3arajbHONPUIHATI METOIMKH.
PesyabraTn. CuCcTEeMaTH30BaHO Ta y3araJlbHEHO KOMIUIEKC METOJOJIOTIYHUX 3aXOMiB ONTHMI3aliiHOIO MPOEKTY-
BaHHS BaHTAKHHUX BaroHIB Ta X CKJIAJOBUX, MPOAHAII30BAHO OCOOIMBOCTI KOXKHOTO OKPEMOT0 HOro erary Ta yMo-
BHU 3acTocyBaHHs. [IpeacTaBieHo po3po0iieHy MaTeMaTHYHy MOJEIb i popMatizalii mpoIeIypy BIPOBaIKECHHS
PI3HUX CKIIQJIOBUX, SKa BPAXOBYE BCi PO3PAaXyHKOBI BUITAIKU KUTTEBOTO IUKITY BaroHy, a TAKOXK MOXe OyTH 3aCTO-
COBaHa JIs IHIMIUX 00’ €KTIB TPAHCIOPTY 3 ypaXyBaHHSAM iX BIIACHUX PEKUMIB eKcruryararlii. [lokazaHa MOXKITUBICTB
reHepyBaHHs (pO3pOOKH) BapiaHTIB PIBHOMIIIHICHOrO BHKOHAHHS BarOHHMX CKJIQJ0BHX 32 MiHIMAJbHUX 3HAY€Hb
MaTepialIoEMHOCTI 3 BUKOPHCTAHHSM METOAY IOIIYKY Ta peamizallii parioHaJbHUX MOKa3HUKIB MIITHOCTI B KOHC-
TPYKIisAX. PO3po0ieHO MeTOaM MONTYKY ONTHMAIbHUX PIllleHb, 110 3 JIOCTOBIPHOIO TOYHICTIO JO3BOJISIOTH BU3HAYA-
TH IIyKaHI XapaKTePUCTHKHM CKIAJOBHX KOHCTPYKIii. IIpencraBieHa BapiaTUBHICTD IMiIXOIB 3HAYHO PO3IIHPIOE
IIPOTPaMHO-PO3PAXyHKOBY 0a3y MPOECKTYyBaJbHUKA Ta 301IbIIY€E MOTECHI[IA] CUHTE3Y Ta aHalli3y BArOHHUX KOHCTPY-
kmii. HaykoBa HoBu3HAa. IlpencTaBieHo 3ampomoHOBaHI aBTOpaMW METOJOJIOTIYHI OCHOBH TPOEKTYBaHHSI
BaroOHHUX CKJIQJIOBHX 33 ONTHMAIbHUMHU CTPYKTYPHO-IIAPAMETPUYHUME BUKOHAHHSMH, 1110 0a3YIOThCs Ha Pe3ylibTa-
Tax PETeIbHOro JOCIIIKEHHS OCOOJIMBOCTEH eKCILTyaTallii Ta Cy4acHUX MOXKJIMBOCTSX OOYHCITIOBAIBLHOI TEXHIKH.
IpakTnyna 3HaAYHMicTb. J[ONUIBHICTE Ta €()EKTUBHICTH BHUKOPHCTAHHS pPO3POOJECHOr0 aBTOPaMH HAayKOBO-
NPaKTUYHOTO IHCTPYMEHTApilo MiATBEP/DKEH] MMO3MTUBHUMH PE3yJIbTaTaMH HOTrO 3acTOCYBaHHsS IIPU CTBOPEHHI
HaliBBaroHis yHiBepcaibHux 12-9904 i 12-9904-01 ta rimbokoi MoJepHi3alii iCHYI0UNX KOHCTPYKIIH BaHTaKHUX
BaroHiB, a caMe HamiBBaroHiB 12-9745, saronis-xomepis 20-9749.

Kniouosi cnosa: anainiz Ta CHHTE3 BarOHHUX KOHCTPYKIIH; ONTHMANBHI PIIICHHS; MATEMATUYHE MOJICIIOBAHHS;
BU3HAUYCHHS Ta peaji3alis pe3epBiB MiIHOCTI

BHCOKiI BUMOTH 3 €(DeKTHBHOCTI Ta HaAIHHOCTI KO-

Beryn

3ai3HUYHAA TPAHCIIOPT € MAacOBHM BHIIOM
TPaHCHOPTY SK YKpaiHW, Tak 1 OUIBIIOCTI KpaiH
CH/] ta €C. BiH Bigirpae BupimanbHy pollb y 3a-
Oe3IeueHHl BHYTPIITHIX Ta MKISPKaBHUX TPaHC-
MOPTHUX TOTPeO BaHTAXKO- Ta MACAKUPOOOOPOTY.
ToMy 110 3ai3HUYHOTO TPAHCIOPTY BUCYBAIOTHCS

ro (GyHKIIOHYBaHHS, SIKi O€3MocepeIHbO 3aekKaTh
BiJl TEXHIYHOTO PiBHS PYXOMOTO CKIafy, SKHUH
3HaXOJUThCS B eKciuryaramnii. CTaHOM Ha MOYaTOK
2017 poky 3HomeHicTs mapky ITAT «Ykp3zamiz-
HUISD» CTaHOBUTH 91 %, 110 CTBOPIOE CKIIAIHY CH-
Tyalilo Ha pUHKY TPAaHCIOPTHHUX HOCIYT YKpaiHu
[1, 8, 10, 11, 13]. [Ipu uboMy mepeBakHy Oib-
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mricte pyxomoro cknany I[TAT «Ykp3amizHHID
CKJIaJIa€ MapK BaHTa)XXHUX BaroHiB. J[Jis 30UIbIICH-
HS KOHKYPEHTOCIIPOMOXXHOCTI OCTaHHBOTO, B OC-
HOBHUX TIOJIO)KE€HHSIX KomruiekcHoi mporpamu
OHOBJICHHS  3aJi3HUYHOTO PYXOMOTO  CKJIaay
VYxpaiau na 2008-2020 poxu (3aTBepIkeHa po3-
nopsipkeHHssM Kabinery MiHicTpiB Ykpainu Bin
14 xostHs 2008 poxy 3a No 1259) BusHauena
HEOOXITHICTh IMABHINEHHS HOro cUCTeMHOI edek-
THBHOCTI TIUISIXOM TIHOOKOI MOJEpHi3allii iCHyIO-
YMX MOJEJeH Ta BHTOTOBJICHHS 3pa3KiB HOBOTO
nokoJiHHA. OJHUM 3 TIEPCIEKTUBHUX NUISXiB BU-
XOJly 3 KpUTHYHOI CUTYyaIlil, o copMyBaacs Ha
3ai3HHLSAX YKpaiHu, € po3poOKa NPHHIUIIOBO
HOBMX KOHCTPYKTOPCBKHX pIllICHb, 33 PaxXyHOK
SIKUX BaroHd OyAyTh BiIITOBITATH CYYaCHHUM TEX-
HIYHAM Ta €KOHOMIYHUM BHUMOTaM YyYacCHUKIB iX
JKUTTEBOTO LUKIY. J[OCATTH 3a3HAYEHOTO MOMKJIH-
BO JIMIIIE 32 YMOBH OINTHMIi3allii CKJIaJJOBUX BaH-
Ta)XHUX BaroHiB.

BincyTHiCTh CTBOPEHMX Ta peali3oBaHHUX KOH-
HENTyalbHO HOBUX I1H)XKEHEPHUX TEXHOJIOTIH B
KOHCTPYKITiSIX BaHTAXHHX BaroHiB 3HIXKYye edek-
THBHICTH 3QJII3HUYHHUX TIEPEBE3€Hb 33 paxXyHOK He-
OOIPpYHTOBaHO TPUBAIUX TEPMiHIB JOCTaBKH BaH-
TaXiB, BUCOKOI BJIACHOI MacH MOI3y (SAKHHA SIBIIS-
€TBCS TPAHCIIOPTHUM 0anacToM), BUCOKOTO OIOPY
PYyXy, 110 Mae CBOIM HACJIiTKOM ITiJIBUIIICHI 3aTpa-
TH Ha TSATY TOi3/1iB, BEJIMKOTO 3HOIICHHS KOJIIC Ba-
ToHiB, Kotii Tommo [1, 4-6].

BrpoBamkeHHs: HOBUX a00 CyTTEBE BJIOCKOHA-
JICHHS ICHYIOUHX CKJIaJ0BHX (MOIYJIB) BAHTAXKHUX
BaroHiB JI03BOJIUTH CHCTEMHO MiABUIIUTH e()eKTh-
BHICTh BAaHTAKOIEPEBE3€Hb 3aJI3HUYHUM TpPaHC-
MOPTOM, 1[0 JIISl YYACHUKIB JKUTTEBOTO ITUKIY Ba-
HT)XHUX BaroHiB OyJe TrapaHTyBaTH 3HIDKEHHS
3HOITYBAHOCTI 3aI3HUYHOI KOJIii, IOKpaIIeHHS
B3a€MO/IIi BaroHiB Ta KOJil, 3HIKEHHS METaIOEM-
HOCTI BaroHiB Ta INJIBUIICHHS iX KOHKYPEHTOCII-
POMOYKHOCTI, 3MEHITICHHS TEPMIiHIB OKYITHOCTI I10-
YaTKOBUX KaIliTAJIOBKJIACHb Ta MIJABHUILIECHHS PEH-
TabenpHOCTI poOoTH, 1i JoximHOCTI Tomo. Kom-
IUIEKC JaHUX (AKTOpIB JIO3BOJIUTH ITiJBUIIATH
IITBHICTB, OOCATH TIEPEeBE3€Hb Ta MIBHIKOCTI Py-
Xy, II0 MaTUMe MO3UTUBHHUN €KOHOMIYHUH epeKT
HE IMIIe /s 3aTi3HUYHOTO TPAHCIIOPTY, aie
11 eKOHOMIKH YKpaiHU B ITIJIOMY.

Merta

Mertoro poOoTH € y3araibHeHE MpeACTaBICHHS
TEOPETHYHUX OCHOB ONTHMI3aIIHOTO TPOCKTY-
BaHHA BAarOHHUX CKJIaJOBUX Ta IMPAKTHUYHHUX 3aCO-
0iB Horo peaizauii.

MeTtoauka

Jnsg  BU3HAYUEHHS CKIIAJIOBUX BaHTaXHOTO
BaroHa, 3a paxyHOK yJOCKOHAJCHHS SIKUX JOILIb-
HO TOKpallyBaTH WOTO TEXHIKO-€KOHOMIYHI Ta
eKCIUTyaTalliiiHi MMOKa3HUKH, iCHYIOTH JBa IPHH-
[UTIOBI HAayKoBi mimxonu. [lepmmii migxin opieH-
TOBaHO Ha MPOBEAEHHS IMOLIYKOBUX IOCTiIXKEHB,
SKi CTIPSIMOBAaHI Ha BiJIIyKyBaHHS TAKUX BUKOHAHb
Ta XapaKTepUCTUK MaTepiamiB, sKi MPH MEHIIIN
MaTepialoEMHOCTI Ta COOIBapTOCTI BUTOTOBJICHHS
CKJIaJIOBUX 3a0e31meyarh XapaKTePUCTHKH MIITHOCTI
HE HIKYl HIK y BXKE ICHYI0YOT0 BUKOHAHHS — Ba-
roHa-aHajora. J{pyruii miaxia € Oiibll MepCreKTu-
BHUM, OCKIIbKH HAIlpaBJICHUH Ha BU3HAYCHHS Ta
e(eKTHBHE BUKOPUCTAHHS PO3PaXyHKOBUX pe3ep-
BiB MIITHOCTI (BM3HAYAIOTHCS SK CITIBBiTHOIICHHS
OTPUMaHHMX MAaKCUMAJIbHHUX EKCIUTyaTalliifHUX Xa-
PaKTEPUCTUK MIIHOCTI 3 iX JOMyCTUMUMH 3HAUYECH-
HamMu [2, 3, 10]) 3 BiAMOBIZHMM 3HWKEHHSAM
EHEepro- Ta MarepialoBUTpaT Ha BUTOTOBJICHHS
Ta PEMOHTH JOCHi/DKyBaHOi ckiamoBoi. s
peamizarii ~ gpyroro  HampAMKYy — HEOOXiIHO
MYJIBTHPEKUMHO (3 ypaxyBaHHSIM BCiX MOKJIMBUX
MITATHUX Ta aBapiiHUX CHUTYyaIlliil Ha eTarax >KWT-
TEBOTO LUKy BaroHa) AOCITIKYBAaTH poOOTYy KO-
’KHOTO €JIEMEHTY B CKJIaJli BaroHa-aHajora Iiojo
CIPUMHATTS CSKCIUTyaTalliiHUX HaBaHTaXCHb, SKi
BUHUKAIOTh, 3 METOI0 BHSIBIICHHS PO3PaxyHKOBHX
pe3epBiB MiHOCTI. 3a3HaueHe Ha Cy4acHOMY piBHI
IOLUIBHO 3O1MCHIOBATH IUIIXOM JOCHIIOKEHHS Bi-
JIIOBITHOT aJIeKBATHOI PO3PaxyHKOBOI CKiHYEHO-
eJeMeHTHOI Mojen BaroHa. llpw BUSABIEHHI PO3-
PaxyHKOBHX pPE3epBiB MIITHOCTI KOHCTPYKIii po3-
PaxoBYIOTbCS palliOHalbHI TOKa3HUKK MIITHOCTI
(Ha HaCTYITHUX eTamax MPOeKTyBaHHS BHUKOPHUCTO-
BYIOTBCSI SIK OOMEXEHHS), K1 3 ypaXyBaHHAM SKHX
MPOBOJATHECS POOOTH, BU3HAYAIOTH 33 JOIIOMOTOIO
nepmoro maxony. Po3poOka mpomenypu Bu3HA-
YEHHSI 3aI1aciB HECYYOi 3/1aTHOCTI 3aralbHUX KOHC-
TPYKUill BaroHiB Ta iX CKJIaJOBHX IPYHTYETHCS Ha
MPHUHLMUII, 10 3amac MIIHOCTI 3arajibHUX KOHC-
TPYKITIH/BY3IIiB BU3HAYAETHCS MiHIMAIHHUM 3aria-
COM MIIIHOCTI IX CKJIaIOBUX.
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Hnst bopmanizanii mporeaypy BIPOBaKCHHS
pi3HEX TPOQIiNiB AK CKIAZOBUX HECYUHX CHCTEM
BaHTXHUX BaroHiB [9] MOIiIFHO BUKOPHUCTOBYBA-
TH po3po0JIeHY MaTeMaTWyHy MOJeNb (3a MpaBu-
JIOM Bi1OOpPY), OCOOJUBICTIO SIKO1 € Opi€HTAIlis Ha
KOMITJICKCHE BIOCKOHATICHHSI KOHCTPYKIIT IIISIXOM

MiHIMaJIbHOT MaTepiaJOEMHOCTI (K BHU3HAYaJIbHO-
r'0 TEXHIKO-€KOHOMIYHOTO ITOKa3HUKA):

Lo

m= f(n,n,...n, ) — min

onp:

[G]i 2 GiKCHJ‘l = f(”p”z-"”k); 1= I’II’III
(o] 267 = f (3.,

[Ny] Z N;[(Cl'lﬂ = f(nl,nz...l’lk);

[N] > ek f(nl,nz...nk);

OMP

n]min an anmax;[:[lak]a

(1

ne nimpoBa GyHKMisA ([[DP) m — MaTepialoEMHICTh
BIIPOBA)KYBAHOTO E€JIEMEHTY — TOJIOBHUI KpHTe-
pili omTuMizaiii, SIKUM 3a7€KUTh BiJl 3MIHFOBAaHHX
TeOMETPUYHUX MapamerTpiB (n,,n,,..n, , ae k 3mi-
HIOETBCSL BiJl HOro KOHCTPYKTHBHHUX OCOOJIMBOC-
Teil) Ta BIIIIYKYeTbcA B OONACTi AOMYCTHMHUX pi-
mensb (O/[P), Mo BHIALIAETBCA 3 00JaCTi MOMKIIH-
BuX pimenb (OMP) HacTynmHUMH (YHKIIOHATbHU-
MU 00MEKEHHSIMU:

=f(n,nymy); i=11, 101

[G]ymp > o = f(n,n,..n,);
[Ny] > NI = f(n,n,..n,);
[N]>N*" = f(n,n,..n),

[0][ > o'

2

3a mirmicTio 3a mepumm ([o]'), apyrum ([o]”) Ta
tperiv ([6]™) po3paxyHKOBUMH pexHMaMH, Y

BUMAAKy yaapy [o]? Bimmosinmo 3 [2, 3, 10], a

TaKOK OOMEKEHHSIMH 3: JKOPCTKOCTI [f], CTifiKOCTI
[V,] 1 BTOMHI# MiltHOCTI [/NV], KOXKHE 3 AKUX TaKOX
3aJICKUTH BiJI BapirOBaHHs 3MiHIOBAHUX T€OMETPH-

YHUX HapaMmeTpiB (n,,n,,..n,). Ilpn mpomy o6-
JIACTh MOXJIMBHX PillIeHb (POPMYETHCS BapiaHTaMuU
3MIHIOBaHHX MapaMeTpiB (n;,n,,...n; ) :

nlmin 2 nl 2 nlmax;

)

n2min 2 n2 > n2max Seee

nkmin = nk 2 nkmax ’

oOMexXeHHS SKOI BH3HAUYAIOThCS KOHCTPYKTHBHH-
MH YU eKCIUTyaTalidHHUMH OCOOJIMBOCTSIMH BIIPO-
Ba/IP)KyBaHOI BarOHHOI CKJIaJJ0BOI.

VY mporeci MPOeKTyBaHHS HECYYHX CKIIAJOBHX
BaHTa)XHUX BAaroHiB JOLUIBHO B SKOCTI ()YHKIIO-
HabHI OOMEXEHHS BHKOPHCTOBYBATH MOMEHTH
ornopy BinnoBinHuX nepepisis [W, ], (W], [W,].

VY 3aranpHOMY TUIaHi MPOIEAYPY ONTHMi3aliii-
HOT'0 MPOEKTYyBaHHsS BAarOHHUX CKJIAJOBUX MOXHA
MIPEJICTABUTH y BHUTJIA OJIOK-CXEMH, HABEACHO SIK
Ha puc. 1.

OpHUM i3 KIIOYOBHMX MOMEHTIB 3alpONOHOBA-
HOTO METOJIOJIOTIYHOTO KOMITJICKCY € BHU3HAUEHHS
PO3paxyHKOBUX PE3epPBIiB MIITHOCTI. Y 3araJlbHOMY
BUMNAJAKY BIAMOBITHA TpOIEAypa CKIATAE€ThCSA
3 4-x ocHOBHUX ertariB (puc. 2). Tak, Ha mepmomy
eTari mependavdaeTbCsl MPOBEIACHHS EKCILTyaTarlii-
HUX BUINPOOYBaHb JIOCITIJHKYBAaHOT KOHCTPYKIIiT
BaroHiB 3 METOI0 BU3HAUEHHs NIHCHHMX 3HAuYCHb
MEXaHIYHUX HAIPYXeHb y KOHTPOJIBHUX TOYKaX,
a TaKoX po3poOKa pO3pPaxyHKOBOI CKiHUCHO-
€JIEMEHTHOI MOJIelli, KOMIT IOTepHE MOJICIIOBaHHS
BCIX BaYKIMBHUX JUIS JOCHIKCHHS EKCIUTyaTallii-
HUX PEXHUMIB pOOOTH BaHTa)XHOTO BaroHy. Ha Ha-
CTYITHOMY eTami TPOBOIUTBCS Bi0Ip HeECydnx
€JIEMEHTIB UIA JOCHIKEHHSA Ta IX pPO30OMTTS Ha
okpemi wactuHH. Po3mip dactwH (iX KUTBKICTB)
00MpaeThCsl 3aJICKHO BiJ HEOOXiMHOI TIHOMHU
NpopoOKK KOHCTPYKLIi: YMM MeHIi iX po3mipu —
TAM BHINA TOYHICTh pe3ynbrary. Jpyruii eram
MIPUCBSIYEHU BU3HAYEHHIO TIOYATKOBHX (3akjase-
HUX T@IpH TPOEKTYBaHHI) 3amaciB MII[HOCTI Ha
OKpeMHUX AUISHKAaX KOHCTPYKIIii, IMics 9OTo IUIs-
XOM 3ICTaBJICHHA OOHMpPA€ThCs HaMEHIIEe 3 HUX,
IO J1a€ MOXKITUBICTh BU3HAYUTH TIOYATKOBI 3aIracu
MIITHOCTI JAOCII)KYBaHOI KOHCTPYKIIii B IIIIOMY.
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MeTo noiyky i3 3abe3nedyeHHsIM

MOKA3HHUKIB MILIHOCTI
AK Y BaroHa-aHajora

pauioHalbHOTO NOKa3HUKA MIlIHOCTI

Bu3HaueHHs MOMEHTIB ONOPY CKIa710BOT ;
3 i Jocnigxenns parona-ananora:
BaAHTAXHHX BAroOHIB, 06[33]-[01 A g )
; - eKcnyarauiiini sunpoOyBanHs;
JAOCIIIKEHHA KOHCTPYKIL BaroHa- fu
4 A o - MOJIEJIIOBAHHS eKCIyaTaifiHux
ananmora [W ) [W AT [W ) . i 5
A ! Z PEAHMIB HA aJleKBATHIH PO3PaxyHKOBOI
CKiHYeHO-eleMeHTHOT Mojieli
BaroHa-aHaora;
- BU3HAYEHHS HECYUUX eJIeMEHTIB, fAKi
Po3pobuienns yzaraibHeHUX OyayTh A0CHIKYBATHCS
MaTeMaTHYHHUX Mojereil ) 4
MaTepiaJloeEMHOCTI Ta MOMEHTIB ONOpY
€JIEMEHTY, 1O BIPOBAIKYETHCH
Mo Wo Wy, W,

BusHaueHHs JONYCTHMHX 3HAYEHb
HANPY:KEeHb U151 1OCHKYBAHHX €JIEMEHTIB
(ix pinsHok) Bianoeiano ao Hopm
MpOEKTYBaHHs BaroHis [a] "

ot

[TowyK onTUMalibHUX reOMeTPHYHUX
napaMeTpis BIpoBaKyBaHoro npodinio

BusnaueHns MakCHMalibHHX
- eKCIIyaTauiliHuX 3HaueHb HANPYKEHb
3acTocyBaHHs METOAIB BU3HAUCHHS LIISXOM aHali3y NpOTOKOJiB BUNPOOYBaHL
paLllOHElJlb;f{X plICHb PO3paxyHKoBOT Mojei max ¢ "
v

Po3podka po3paxyHKOBOT CKIHYEHO-

e1eMEHTHOT MOJIE/i BAroHA-NPOTOTHIY
(KOHCTPYKLiA 3 BIPOBAKEHHMHU

Bu3HaueHHs noyaTrkOBUX 3aMaciB MILHOCTI
JU1st KOWKHOTO PO3PaXyHKOBOIO BUIMIAJIKY

.},.fk
TeXHIYHHMU PilUeHHAMM) 4
v Bu3snauenns naiimenioro zanacy

TeopernuHa nepesipka npane3laTHOCTI
VA0CKOHANEHOT KOHCTPYKLIT HeCy nx
CHCTEM BAHTAKHHX BArOHIB

MILHOCTI /U151 BCIX PO3PaxyHKOBHX
BHIAKIB Y
. 4
Bu3HaueHHs] MOMEHTIB OMOPY CKJIaA0BOT
BaHTaKHUX BAaroHie, oOpaHoi s
BTOMHa AOCTIDKEHHS KOHCTPYKLIT BaroHa-
MILHICTD . anamora W M, W AW M
CnpoeKTHHﬁ CTPOK ] ( J10/1aTKOBI ) \ 4
SIoH L et Al BuszHaueHHs pauioHaabHUX 3HAYEHD
* MOMEHTIB 0NOPY J0CiKYBaHOT

iHTEeprnonsauii MILHICTh

ExcnepumeHTanbHa nepepipka CKJa/10BO1, AKI B noganbwomy OyayThb

npaie31aTHOCTI YJ0CKOHAIeHOT BHKOPHUCTOBYBATHCS K IOMYCTHMI

KOHCTPYKLIT HECYUHX CHCTEM [ P [ P [ rie
BAHTAKHUX BArOHIB T

Puc. 1. brok-cxema nporeaypu BIIPOBaKEHHAS IPOQLTIB y HECYUil CHCTEMH BAaHTA)XKHUX BarOHIB

Fig. 1. Diagram of the introduction of profile in the carrier system of a freight car
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Ha JIIAHKAX HTEX0M i'l.Hﬂ.'li'i'\r' |'|]'\010|\'0;|ii! Hllllpﬂﬁ'\'ﬂa“h
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3anacis MiLHOCTI A0ChHil®yBaHol ckaaioBol

==

CRAAN0BOT

CIICMEHTY

3. BH3nauenns J10nycTuMuX 3HaUeHbL MOMEHTIB onopy:
3.1. BusHauenna JonycTHMHX HAUeHBL MOMEHTIB ONOPY J0CHLTKYBAOT

3.2. BusnaucHusn AONYCTHMHX HAYCHB MOMCHT B ONOpPY 113 HacTHH

[

I
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=

4. Ouinosanns Ta peajizauin pesepsis

miunocTi:
4.1. Buanaueuns pesepsis minnocri
4.2, Peanizauia pezepsis Miunocti

5. Ouinwpanun 3anacie minnoeri
B exenayar auii

. Poapoluenna Maremarnuunx Mojeneii
UL ONUCAHHA 3MIH OCHOBHIX NOKAIHHKIR
MILHOCTI

. Bu3HaueHHA 3anacis MOMEHTY onopy

L ]r}!ll'l!ﬂ IYBAHHA JOCAIHCHHA KPHTHYHOTO
FHAMCHHA MOMCHT il! l\]l(lp}' 3 }'p;lx_\-‘luumun
WBHAKOCT] Koposil

. BucnoBox npo BTpary MiLHOCTI ¢IeMEnTyY

i

L
ik

[

Puc. 2. Anroput™ BU3HAYEHHS PO3PAaXyHKOBUX 3aMaciB HECY4Ol 31aTHOCTI CKJIAIOBHX BAaHTA)XKHUX BarOHIB

Fig. 2. Algorithm for determination of estimated reserves of the carrier system of a freight car

VY 3B’s3Ky 3 THM, LI0 €KCIUTyaTaliiiHi eKBiBaje-
HTHI HalpyKeHHi G, BH3HAYaIOThCA SIK CIIBBiJ-

HOIICHHA CyMapHOI'o eKBiBaHeHTHOI‘O MOMCHTY
(M, ) Ta MIIHICHAX XapakTepucTHK (W y 7)),

ajle IpH LbOMY 3HaYeHHd M,

exe.
Oyzne Mmaibke He-
3MiHHHM, TO MOXKHA 3pOOUTH BHCHOBOK, IO BEJIH-
4yHa G, OyJe MpsAMO NPOMOPIIHHOI 3HAYEHHAM
MOMEHTIB o1opy Wy y ;. ToMy sIk OCHOBHI MiLtHi-

CHI XapaKTepUCTHK NpOo(diTiB MOKHA BUKOPHUCTOBY-
BaTU MOMEHTH onopy Wy y ;. Taknm 4ynHOM, Owui-

HIOBaHHS MIIHICHUX SIKOCTEH HeCydYol 3JaTHOCTI
CKJIaJ0BUX BAHTAXXHOTO BAaroHOOYJyBaHHS 3BO-
JUTHCS JI0 OI[IHKM 1X 3araciB MOMEHTIB omopy. s
IILOTO Ha TPETHOMY €Tali MPOBOISATHECA POOOTH 3
BU3HAYCHHSI IOMYCTUMHUX 3HAYCHb MOMEHTIB OTOPY

JIOCIIKYBAHOI CKJIAJIOBOT B LILIOMY [W;’fy,z)} Ta

Ha OKPEMHUX MUISHKAX JOCHiJKYBaHOI CKIIamg0BOi
[WX(Y Z):|. Jamni, 3aleXHO Bl IOCTaBICHOIO 3a-

BIAHHSI, TPOBOJUTHCS BU3HAYCHHS Ta/9d BUKOPHC-
TaHHS PO3PAaXyHKOBHX PE3EPBIB MIIIHOCTI KOHCTPY-
kiii (670K 4, puc. 2) Ta/du OLIHIOBAHHS 3aIlaciB Ta
MIPOTHO3YBAaHHS PE3EPBIB MIITHOCTI KOHCTPYKIii B
excrutyarariii (0J1ok 5). B ocTaHHBOMY BUINAAKY BH-
3HAYAIOTHCS MaTeMaTH4HI MOEMI, SIKi ONMUCYIOTh
3MIiHIOBaHHS MOMEHTIB OIOpPY Ta MaTePiaIOEMHOCTI
JOCITI/DKYBAaHUX HECYYHX EJIEMEHTIB BaroHiB 3aie-
JKHO BiJl IX T'€OMETPHUYHHMX HapaMeTpiB. A TaKoXK
BHU3HAYAIOTHCSI KOHCTPYKTHBHI 3amacu/pe3epBH Mi-
pes.

ITHOCTI JJIs1 OKPEMHX JIUISTHOK CKJIaJ0BOT Ve T
X(Y.2)
1l 3arajbHe 3HAYEHHS yé’;}f 3 MOAANBIINM IPO-
X(Y.7)

THO3YBaHHSM 4YacCy JOCATHEHHsS KPUTHYHOTO 3Ha-
YEHHS MOMEHTY OTOpPY 3 ypaxyBaHHSIM IIBHIKOCTI
KOPO3ii KOHCTPYKITil.
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PesyabTaTn

KomruiekcHe BIOCKOHaNICHHS KOHCTPYKLiil BaH-
T@XHAX BaroHIB IUIIXOM MOCPHI3aIii OKpEeMHX
CKJIQIOBUX € CKJIQIHOI HAyKOBO-TEXHIYHOK MpO-
01eMo10, BHUpILIEHHS SIKOI HA CyYacHOMY piBHi MO-
TpeOye aBTOMaTH3aIlii MPOIeAypy BU3HAYCHHS PO3-
PaxXyHKOBHX TIOKAa3HHKIB MIITHOCTI Ta BHOIp KOHC-
TPYKLiH 3 ONTUMATEHUMH XapaKTEPUCTHKaMH [5, 8,
14, 15], mo MoKIIMBe 32 YMOBU PO3pOOJICHHS Ta BU-
KOPHCTAHHS BiJIIIOBITHOTO HAYKOBOTO IHCTPYMEHTA-
piro peamizoBanoro Ha IIEOM. ABropamu 3arporio-
HOBAaHO BHPIlIyBaTH JaHE 3aBJAHHS 3 BUKOPUCTaH-
HSIM PO3pPOOJICHUX alTOPUTMIB JJIsi BU3HAYECHHS pa-
[IOHAIFHUX TEOMETPHYHMX TapaMeTpiB MpoQiiB
OJIHUM 3 TPOX METO/IIB, a came:

— B mporpami Excel craHmapTHOTO maKeTy
Microsoft Office;

— IHTerpamiiHuX MiJXOMIIB Ha OCHOBI BHKOPH-
ctaHHs ¢yHKHOIH Maximize ta Minimize yHiBep-
caibHOTO TIporpaMHoro nakery MathCAD;

— a0o0 BHUKOPHCTOBYBaHHAM pO3POOJIEHOI aB-
TOPCHKOI MporpamMu Ajst poOoTH 3 TpU(PaKTOPHUMHU
y3araJlbHEeHUMH MaTeMaTHYHUMH Mozensmu [10,
12].

Sk mpukiIan npakTHYHOI peatizalii 3a3HaYeHuX
TPhOX METOIB HIDKYE HABEJEHO iX 3aCTOCYBaHHS
JUT BU3HAYEHHS PallioHAJIbHUX T€OMETPUYHHX Ta-
paMeTpiB CTIHOK Ta MOsCIB KapKaciB yHIBEpCATIbHUX
HAITIBBAroHiB, SIKI B BaroHax-aHAJIOrax BMKOHAHI 31
crierdiqHOTo (a BIAMIOBIAHO 1 BapTICHOTO) OMETO-
nonioHoro Mpodimo (puc. 3, a), a MPOIMOHYETHCS X
BUKOHYBaTH 3 OUIBII MEPCIEKTHBHOI MPSIMOKYTHOI
TpyOU (puc. 3, 6).

VY meputy yepry onTHMalbHI 3HAYSHHS MTOKa3HH-
KiB JUIsl TaKOrO BIPOBaDKEHHS OyiaM OTpuUMaHi 3a
nporpamoro Microsoft Excel, sika peanizye meron
MOCTYTIOBOTO TIEPEOUPAHHS BCIX MOXIIUBUX PIIICHB
y 3aJaHoMy JiamnasoHi, crouatky OMP, a moTiMm i
OJIP. Ananoriuni pesyiprati (puc. 4) 3 HOLIYKY
ONTHUMAILHUX XapPAaKTEPUCTHK IMPOQLII0 BaroHHOTO
CTOsIKa TaKOXK OyJIM OTpHMaHi B PO3paxyHKax i3 BU-
KopucTaHHsAM (yHKIIH Maximize ta Minimize maxe-
ta MathCAD.

Cig TakoK BiI3HAYMTH, 110 OOMIBA BHILEOIIH-
caHl MiJXOAU OPIEHTOBAaHI Ha BUKOPUCTAHHS IIO-
MIMPEHUX TMPOTPAMHUAX KOMIUIEKCIB, SKi BUKOPHC-
TOBYIOTBCS TEXHIYHUMH CIYy>KOaMH OiTBITIOCTI TIi-
JITPUEMCTB 1 HE BUMAraroTh JTOJaTKOBHUX KaIliTalxo-
BKJIaJIcHb (TpuA0aHHs CIeIiali30BaHUX IPOrpam

Ta BIJMOBIAHOTO HABYaHHS TEXHIYHOTO IEPCOHA-
Iy).

6—b
Puc. 3. [lepepizu nmpodimis:

a — BarOHHOTO CTOSIKA, 6 — MIPSAMOKYTHOI TpyOu.

Fig. 3. Cross sections of profiles:
a — car post,; b — rectangular tube.

ANBPTEpHATUBHUM IIJIXOAOM [0 BH3HAYEHHS
ONTUMAaJIbHUX TapaMeTpiB, siki 3a0e3nedaTs MiHi-
MaJIbHy MaTepiaJOeMHICTh KOHCTPYKIII AJs 3ama-
HUX 0OMEXEHB 3 KOHCTPYKIIii Ta MIITHOCTi BaroHiB,
€ BHKOPUCTaHHSA pPO3POOJIEHOTO CIEIiaIbHOTO
IporpaMHoro 3abesneueHHs. Takuil mporpaMHui
KOMITIeKe (mpukian rpadigaoro iHTepdeiicy Ha
puc. 5) cnovyatky BH3Ha4a€e Tpu(akTOpHI y3araib-
HEHI MaTeMaTH4YHI MOJENi, SKi ONMUCYIOTh 3MiHIO-
BaHHS JIOCTI/DKyBaHHUX IMOKa3HUKIB (MarepiaioeM-
HOCTI Ta OCBOBHX MOMEHTIB OITOPY) CKJIaTIOBHX
€JIEMEHTIB BAaHTAXXHUX BArOHIB MiJ Yac BapilOBaH-
HSl TEOMETPUYHMX IapaMeTpiB (HAIpHUKIal, BHCO-
TH, LIMPUHU TI€pEpi3y eleMeHTa Ta TOBIIUHM JIHC-
Ta, 3 IKOTO HOTO BUTOTOBIICHO).

[lpu aHamiTHYHOMY BH3HAYEHHI ONTHMATBEHHX
napaMeTpiB KOMIT IOT€pHa Mporpama peajisye 3a-
MIPOTIOHOBAHUH aJTOPUTM 1 BU3HAUAE ONMTHUMAIBHUIN
BapiaHT CHiBBIAHOLICHb IOCHTIJ)KyBaHHX XapakTe-
puctuk. IIpy HbOMy TakoX L€l KOMIIJIEKC T03BOJISIE
Bi3yayli3yBaTh BapiaHTH, ki BXomaTh g0 OJIP, Ta
BUJIUISE ONITHMAITBHUAHN pe3yJbTat, o 0a3yeThest Ha
3d-MonemoBaHHI B MPOCTOPOBIH CHCTEMi KOOPIH-
HaT. TakuM 4YMHOM, IPUBEIEHI BHUILE PE3YJIBTATH
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JOCITIDKCHB MTOKA3alH, IO HE3aJIGKHO BiJl BUKOPU-
CTaHOTO iHCTPYMEHTapilo, MOPiBHIHHS E€KCIIepUMe-
HTQJIBHO OTPUMAaHHX XapaKTEPUCTHK 3 1X po3paxyH-
KOBHMH 3HAYCHHSIMH ITiJTBEPKYIOTh TIPAaBUJIb-
HiCTh BHOOpY BCIX ONHMCAaHWX BHUIIE METOJOJOTIY-
HHX ITIXOIB.

Bain fmes B dofme Segmat Peutmen Oemews (e s
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Puc. 4. Pe3ynpraTs MONMTYKOBUX POOIT, SIKi IPOBECHI 3
BHUKOpHCcTaHHAM nakera MathCAD:
a — pO3paxyHKOBHHU OJIOK, 6 — KOMIIT FOTEpHA MOJICITb.

Fig. 4. The results of exploration work using
the MathCAD:

a — calculation unit, b — computer model.

CraTyc 3d peayrninTaT CHOPMHPOBAMN. CORMTAMIN

Puc. 5. 3aranpHuii Bug po6o4doi o0nacti nporpamHo-
00YHCITIOBANIFHOTO KOMILICKCY 3 Bi3yai3ali€ro
BapiaHTIB pillleHb

Fig. 5. General view of the work area of software with
visualization of solutions

VY pe3ynbTaTi BUKOPUCTAHHS 3alpOINIOHOBAHOTO
METOJIOJIOTIYHOTO KOMIUIEKCY OyJIo TpOBEIeHO
TMOO0KY MOJICpHI3AIliI0 ICHYIOUMX MOJIeJNieil BaHTa-
JKHUX BaroHiB (puc. 6, 6, ) Ta CTBOPEHO HOBI KOH-
KypPEHTOCIIPOMOXKHI 3pa3ku (puc. 6, a).

Puc. 6. Mojeni BaHTa)XHUX BaroHiB, CTBOPEHI
Ta MOJCPHI30BaHI 3 BUKOPUCTAHHSAM METOI0JIOTIYHOTO
KOMILIEKCY ONTUMI3AI[ifHOTO MPOEKTYBAHHS
a — HalliBBaroH yHiBepcansHuit Mmogeni 12-9904 ta
12-9904-01; b — HamiBBaron mopeni 12-9745; ¢ — BaroH-xomep
mozaeni 20-9749

Fig. 6. Models of freight cars created and upgraded
by methodical complex of optimization design:

a — general-purpose gondola car models 12-9904 and
12-9904-01; b — gondola car of the model 12-9745; c— hopper
car of the model 20-9749

OxpiM 1OTO, 3aCTOCYBAaHHS 3aIPOTIOHOBAHUX
Ta OMMCAHUX BHIINE METOMNWYHMX ITIAXOMIIB, T03BO-
JUIIO PO3paxyBaTH Ta PO3POOHTH CIM'IO TIEepCIeK-
THBHHUX MOJIEICH BaHTaXHUX BaroHiB (puc. 7) [7,
8, 14].
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Puc. 7. IlepcrieKTHBHI KOHCTPYKIIIT HECYYHX CHCTEM
BaHTKHUX BaroHiB, PO3pPOOJICHI 3 BUKOPHCTAHHIM
METO/I0JIOTTYHOTO KOMIUIEKCY ONTHMI3alliifHOro
MIPOEKTYBaHHsI, BAKOHAHI 3:

1 — xpyrnux Tpy0: a — HamiBBaroH, O — KPUTHUH BaroH,

6 — BaroH-matdopma, 2 — D-noxi6HuX TpyO, 3 — mecTurpan-
HUX PO iniB; 4 — BYIJICIIIACTHKY.

Fig. 7. Advanced designs of the carrier system of freight
cars created by methodical complex of optimization
design. They are made of:

1 —round tubes: a — gondola car; b — covered car;
¢ — flatcar; 2 — D-shaped tubes, 3 — hexagonal profiles,

4 — carbon fiber.

TakvM YUHOM, BIPOBAPKCHHS pE3yNbTATIB
MPOBECHUX Ta MPEJCTABICHUX K MPUKIIAI JTOCITi-
JOKCHb JI03BOJISITH CYTTEBO TMOJIMIIMTH TEXHIKO-
E€KOHOMIYHI Ta eKCIUTyaTaliliHi MOKa3HWKHA BaHTa-
JKHUX BaroHiB, IO 3 ypaxXyBaHHAM MacOBOCTI iX
napky (tineku napk [MAT «Ykp3amizHUIl» MoHAN

160 trc. onuHUIB) 3a0€3MEUNTh 3HAYHUN EKOHO-
MiYHUH e(eKT. 3anpolOHOBaHUN AITOPUTM MOXKE
OyTH BUKOPHCTAHHM TP BUPIIICHHI IHITHX BiIO-
BIJTHMX OINTUMI3aIliiHUX 3a7la4 Ha OCHOBI y3aralb-
HEHUX MaTEeMAaTUYHUX MOJICICH.

HaykoBa HOBU3HA Ta NPAKTUYHA
3HAYNMICTD

[IpencrasieHi 3anporOHOBaHI aBTOpaMH METO-
JOJIOTIYHI OCHOBH NPOEKTYBaHHS BAarOHHUX CKJIa-
JIOBHX, CIIPSIMOBaHI Ha CTBOPEHHS IX ONTUMAJIbHUX
CTPYKTYpHO-TIApAMETPUYHUX BHKOHAaHb 1 0a3y-
IOTBCSI Ha pe3yJbTaTax PeTeNIbHOrO JOCHiKEHHS
0co0IMBOCTEH iX eKCIUTyaTalii Ta Cy4yacHHX MOX-
JIMBOCTSIX OOYHCITIOBATHLHOT TEXHIKH.

HouineHicTh Ta e(EeKTHUBHICTh BUKOPUCTAHHS
PO3pO0JICHOr0 HAYKOBO-IPAKTHYHOTO 1HCTPYMEH-
Tapiro MiATBEPHKEHO MO3UTUBHUMHE PE3yJIbTaTaMu
Horo 3acToCyBaHHS U HAIiBBAaroHiB yHiBepCallb-
HUX 12-9904 Ta 12-9904-01 Ta rmubokoio Moaep-
Hi3alli€l0 ICHYIOUMX KOHCTPYKIIM BaHTaXXHHUX Ba-
roHIB, a camMe HamiBBaroHiB 12-9745, Barosie-
xonepiB 20-9749.

BucHoBxku

1. ¥V manii crarTi Oyl0 CHCTEMaTH30BaHO 3a-
MPOMIOHOBAHUI METOOJIOTIYHUN KOMIUIEKC 3aXO0-
IIiB ONTHUMI3alliHOTO TPOEKTYBAaHHS BAaHTAXHHUX
BaroHiB Ta iX CKJIAIOBHX, IPOaHATI30BaHO OCO0-
JIMBOCTI KO’KHOTO OKPEMOI'0 HOro eTamy Ta yMOBHU
iX 3aCTOCYBaHHA.

2. BopoBa/pkeHHS 3aITpONIOHOBAHOTO HAYKOBO-
MPaKTUYHOTO iHCTPYMEHTApII0 3 ONTUMI3AIiHOTO
MPOEKTYBaHHS BarOHHUX CKJIAJIOBUX, 30KpeMa ITiJ|
Yyac MPOEKTYyBaHHs BITYU3HSHUX HAIiBBAaroHiB MO-
neneit 12-9904 ta 12-9904-01, rmubokoi MmomepHi-
3amil HamiBBaroHis 12-9745 Ta 0OOKOTHILIOBO3iB
20-9749 Tta ciM'i BaroHiB 3 HECyYUMH CHUCTEMaMHU
3 KPyIJIHX TPYO, TO3BOJIIIO CKOPOTUTH BaPTICTh 1X
JKUTTEBOTO UKy Ha 15-20 %, 110 CBIq4YUThH PO
Horo eQeKTHBHICTb. 3 ypaxyBaHHSIM MacOBOCTI
MapKy BaHTa)XKHUX BaroHiB (rmoHazx 160 Tuc. omu-
HUIIB), TOCTPOi HEOOXIAHOCTI HOr0o OHOBJICHHS
(monan 87 % mapKy eKCILTyaTyeThCsl Ha MEXI1 TpH-
3HaYEHOr0 TEPMiHY CITy’kOM Ta BHCOKOI iX moyat-
KOBOi BapToCTi Yy CepemqHbOMY —  TOHAJ
30 tuc. momn. CLIA ), Big mpakTHyHOI peamizamii
HABEJCHOTO HAYKOBOTO ITiTXOIy MOXIIUBO JTOCSTTH
ICTOTHOTO €KOHOMIYHOTO €(EeKTy.
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3. Po3pobiiena apTopaMu MaTeMaTHIHA MOJICTh
it opmanizanii mpoueaypH BIPOBaKEHHS Pi3-
HUX CKJIQJIOBUX BPaxOBY€ BCi pO3paxyHKOBI BHIIa-
JIKA JKHTTEBOTO IUKJIY BaroHy Ta MoO)ke OyTH 3a-
CTOCOBaHa JJs IHIIUMX O0O0’€KTIB TPaHCHOPTY,
3 ypaxyBaHHSM iX BIACHHUX PEXHMMiB €KCILTyaTallii.

4. BukopucTaHHS METOXy 3 TOIIYKy Ta peai-
3amii palioHaabHUX IOKA3HUKIB MII[HOCTI y Ba-
TOHHUX KOHCTPYKIIiSX TO3BOIISE TMPOIIOHYBATH Ba-
piaHTH iX PIBHOMIITHICHOTO BHKOHAHHS 1, BiMITOBI-
JTHO, JTOCATaTH MIHIMaJIbHUX 3HA4Y€Hb MaTrepiajio-
€MHOCTI.

5. Po3pobneHi Metoau MONIYKY ONTHMAabHUX
pillieHb 3 TOCTaTHHOIO TOYHICTIO JTO3BOJISIIOTH BU-

3HAYUTH IOyKaHi XapaKTepUCTUKH  CKIaJOBUX
KOHCTpYKUil. BapiaTUBHICTH migX0MiB 3HAYHO PO-
3LIMPIOE MPOTrPAMHO-PO3PAXYHKOBY 0a3y NMPOEKTY-
BaJbHUKA Ta 301UIbIIyEe HOTO MOXMIMBOCTI IOJO
CHHTE3y Ta aHaJli3y BATOHHUX KOHCTPYKIIiH.
3anponoHOBaH1 TEOPETUYHI MOJ0XKEHHS, METO-
JTOJIOT1YHI OCHOBH Ta MPaKTUYHI 3aCOOW ONTHMIi3a-
1ii BUIYCKY BaroHiB Ta iX CKIQJOBUX JOLIIBHO
BHKOPHCTOBYBATH TIPH BHUPIIMIEHHI aHAIOTIYHUX
3aBAaHb 1 JJIA IHIOAX THIIB PYXOMOTO CKJIATy, a
TaKOoXX 00’€KTIB TPAHCIIOPTHOTO MAITMHOOYIyBaH-
Hsi. OKpIM I[LOTO, JAaHWUH METOMOJIOTIUHUH ITiJIXi]T
MO’KHa BUKOPHCTOBYBATH HE JIMLIE IiJ 9ac MPOeK-
TyBaHHS, aJe€ 1 U1 aHaJli3y B)K€ ICHYIOUMX PIIIEeHb.
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TEOPETUUYECKUM BA3UC MIAPAMETPUUYECKOI'O CUHTE3A
HECYIHIUX CUCTEM BAI'OHOB

Hean. B cratbe HEOOXOMMO PACCMOTPETh CHCTEMATH3UPOBAHHOE M CTPYKTYPHPOBAHHOE NPEICTaBICHNE TEO-
PETHYECKUX OCHOB ONTHMH3aLMOHHOTO IIPOCKTHPOBAHUS BarOHHBIX COCTABILIFOIINX M MPAKTHYECKHX CIIOCOOOB €ro
peammzanu. MeToauka. [IpoBeneHHOE HccienoBaHne, aHAIN3 U 0000IeHne 0a3upyIOTCs Ha pe3yibTaTax u3yde-
HUSI U3BECTHBIX PabOT MO TeMe, COOCTBEHHBIX pa3pabOTOK aBTOPOB, MATEMAaTHIECKOM 00OOCHOBAaHUYU U KOMITBIOTEP-
HOM MOJICTIMPOBaHMH. PacueT KOHCTPYKIIMOHHBIX 3JIEMEHTOB IMOABMKHOTO COCTaBa MIPOU3BEIECH C UCIIOIb30BAHUEM
COBPEMEHHBIX OOLIECMPU3HAHHBIX METOAUK. Pe3ysbTarhl. CrcTeMaTH3UPOBaH KOMILIEKC METOJOTIOTHYECKHX TOJ-
XO/I0OB ONTHMH3aLMOHHOTO MPOEKTUPOBAHMUS TPY30BbIX BarOHOB M UX COCTABIISIOLIMX, IIPOBE/IEH aHAIN3 0COOEHHO-
CTell Ka)k[Oro OTAENBHOIO dTana M ycJOBUsS NpUMeHeHus. [IpencraBieHo pa3paOOTaHHYI0 MaTeMaTHYecKyl MO-
Jienb Ui (hopMalii3alyy MPpoLeypbl BHEIPEHHS Pa3HBbIX COCTABIISIONIMX, YYUTBHIBAIOIIYIO BCE PACUETHBIC CIy4au
JKM3HEHHOTO LIUKJIA BaroHa, KOTOpasi MOKET NPUMEHSTHCS U JUISl IPYTUX 0OBEKTOB TPAHCHOPTA C yYETOM COOCTBEH-
HBIX PEXHMMOB dKCILTyaTtanuu. [lokasaHa BOZMOXXHOCTh T€HEPHPOBaHMUs (pa3pabOTKH) BapHAHTOB PABHOIIPOYHOCT-
HOTO HCIIOJHEHUSI BaroHHBIX COCTABIISIOIIUX IIPU MHUHHMMAJIBHBIX 3HAUEHHMSAX MAaTepHUaJIOeMKOCTH. Pa3paboraHbl
METO/IbI TIOMCKA ONTUMAJIbHBIX PEUICHHUH, TTO3BOJSIONINX C IOCTOBEPHOH TOYHOCTBHIO OTPENENITh HCKOMBIE XapaK-
TEPUCTUKH DJIEMEHTOB KOHCTpyKIuH. IlperncraBineHHas BapuHaTHBHOCTH ITOJXOJOB 3HAYMTEIHHO PpacIIMpsET
MIPOTrPaMMHO-PACUETHYI0 0a3y INPOEKTHPOBIIMKA, YBEIWYMBAas BO3MOXKHOCTH CHHTE3a W aHalM3a BarOHHBIX
koHcTpykuuii. Hayuynas HoBu3Ha. IlpencTaBieHsl MpeayokKeHHbIE aBTOPAMU METOAOJIOTHYECKHE OCHOBBI MPOEK-
TUPOBAaHUSI BArOHHBIX COCTaBIAIOMIMX 33 ONTUMAIBHBIMH CTPYKTYPHO-TIAPAMETPHUECKUMH HCIIOIHEHUSIMH,
0asupyloIMMHCS  HAa  pe3ysbTaraXx  JeTAIBHOTO  MCCIIJIOBAHUSl  JKCIUIyaTallMOHHBIX  OCOOEHHOCTEH.
IIpakTHyeckoe 3nauenue. LlesecooOpasHocTh U IPPEKTUBHOCTH UCIIOIB30BAHMSI Pa3pabOTaAHHOTO aBTOpaMHU Ha-
YUYHO-TIPaKTUYECKOTO HHCTPYMEHTApHsl MOJATBEP)KAAIOTCS MO3UTHBHBIMH pe3yJIbTaTaMH €ro NPUMEHEHHs Ipu
CO3JIaHWH TIOJTyBaroHOB yHUBEpCAJIbHBIX Mozeneil 12-9904, 12-9904-01 u riyOokoil MoxepHHU3alnH CYIIECTBYIO-
IIUX KOHCTPYKIMH I'PY30BBIX BATOHOB, 2 IMEHHO NOIYBaroHoB Mojenu 12-9745, paronos-xomnmnepos 20-9749.

Kniouesvie cnosa: ananus U CHUHTE3 BarOHHBIX KOHCTPYKIMI; ONTHMAJIbHBIE PEIICHUS; MaTEeMaTHYEeCKOEe MO/ie-
JIMPOBAHHKE; OTIPEJICIICHNE U peali3anisl pe3epBOB IIPOYHOCTH
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THEORETICAL BASIS OF PARAMETRIC SYNTHESIS FOR CARRYING
SYSTEMS OF CARS

Purpose. The article is aimed to systematize and structure representation of theoretical grounds for the optimiza-
tion designing of railway car components and practical ways of its implementation. Methodology. The study
is based on analysis of several well-known articles on the subject, as well as on authors' researches, some mathe-
matical foundations and computer modeling. The rolling stock components structural analysis was made by apply-
ing modern and acknowledged methods. Findings. In the study the authors systematized the set of methodological
approaches to the freight car design processes; they also analyzed every application phase of the designing process
and its conditions. The article presents the developed mathematical model of the car component implementation.
This model takes into account all the calculated cases of the car life cycle. Moreover, the model also can be applied
to other transport modes accounting their specific operation modes. The possibility to generate different construction
options for equally strong car component with minimum material intensity was also shown in the article. There were
several methods developed for finding optimal solutions that make it possible to calculate the sought characteristics
of construction elements with the reliable accuracy. The presented variety of different approaches significantly
extends engineering apparatus by increasing the synthesis and analysis abilities of the car design.
Originality. The authors proposed the methodological foundations of the car components design aimed at creating
their optimal structural parameter execution and the operating features based on the results of the detailed research.
Practical value. Expediency and effectiveness of the presented methods has been confirmed by positive experience
of its application when constructing the general-purpose gondola cars, models 12-9904 and 12-9904-01, as well as
when upgrading existing constructions of freight cars, model 12-9745 and the hoper car 20-9749.

Keywords: analysis and synthesis of car constructions; optimal solutions; mathematical modeling; de-finition
and realization of safety reserves
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MNOBYJOBA MPOMI)KHOI OITOPU MOCTA SIK MAPAMETPUYHOI'O
OB’CEKTA 3A 1OIIOMOI'OIO AUTODESK REVIT

Merta. Y HayKoBil poOOTi He0OXiTHO BUPIMIUTH HACTYIHI 3a1adi: 1) gocmigutu MoxmmBocTti Autodesk Revit mo
CTBOPCHHIO IMapaMeTPUIHUX 00’ €KTiB; 2) CTBOPUTH iH(QOPMAIIiIHY MOIETh IPOMIXKHOI OTIOPH MOCTa 3 MOXKIIHBICTIO
3MiHH po3MipiB Mozemi 6e3 3MiHN reomeTpii 00°ekTa; 3) BiICTEKUTH CKIIQAHICTh Ta TOIUIBHICTD BUKOPUCTAHHS T1a-
paMeTpHYHUX MOJeNIel MPH MPOEKTyBaHHI €JIEMEHTIB MOCTOBHX mHepexoniB. Meroauka. JlochiKeHHS POBOAN-
JIMCh 32 JIOTIOMOTOI0 MPOCTOPOBOrO MojeiroBaHHs B cucteMi Autodesk Revit. 3agaBanuch CriBBiIHOIIEHHS TTapa-
MeTpiB 00’€KTa, B3aEMO3B’I3KH Mi’K OKPEMUMH I'€OMETPUYHUMH EIEMEHTaMHU Ta MepeBipsIoch, sKi 3MiHM BinOyBa-
I0ThCS 3 MOJICIUTIO TIPH 3MiHI 3a7aHuX napamerpiB. PesyabraTtn. CTBOPEHO MOJIENb ONOPHU JIBOX THIIIB: JUIS 3aJ1i3-
HUYHUX MOCTIB Ta JUIsi aBTOJOPOXHIX. J[7st 000X THIIB MOJENI 3MIHIOIOTHCSA PO3MIPH Ta KUIBKICTh CKJIAZOBUX
CJICMCHTIB BiJIIIOBITHO JIO BBEJCHHUX mapamMeTpiB. [IpoBeneHa poboTa MiATBEPIHKYE MOKIMBICTS CTBOPEHHS iH(pOP-
MaliiHUX MapaMeTPUYHUX MOJIENICH CKiIaaHOoi (OPMHU Ta JOLUIBHICTh iX BUKOPHCTAHHS IIPU NMPOSKTYBaHHI MOCTIB
i He TuTbKH. HaykoBa HoBM3Ha. CTBOpeHHs iH(OpMalLiliHNX MOJeNielf — cydacHa Ta akTyaslbHa Tema. AJle K B JIi-
TepaTypi, TaK i B iHTEpHET-pecypcax mapaMeTpH3allis pO3TIIAETCS Ha PUKIIali MPUMITHBHAX 00’ €KTiB. Moiens,
1110 3aIIPOIIOHOBAHA B CTATTi, CKJIAJA€ThCS 3 KUIBKOX 3aJIC)KHHX T€OMETPUYHHX TiJI, OTXKE, PO3KPUBAE TEMY IapaMeT-
pu3anii 00’eKkTiB OLIBII MTOBHO Ta JETANBHO, MOPIBHSAHO 3 iCHyIOUnMHU Jxepenamu. 1o cTocyeThcs CTBOPEHHS ITa-
paMeTpHYHIX MOJIENICH eIEMEHTIB MOCTOBHUX MEPEXOAIB — TO B JIITEpaTypi Taka iH(QopMarlist He 3yCTpidaeThCs, TOO-
TO, 3ampornoHoBaHa Brepiue. [lpakTuyna 3HaunmicTb. [lapamerpusaniss mpocTOPOBUX MOJENeH Ja€ MOXKIHBICTh
3HAYHO IPUCKOPUTHU Ta CIIPOCTUTH IMPOLIEC MPOCKTYBaHHs Oy/b-KUX 00’€KTIB 38 paXyHOK BUKOPUCTaHHS THUIIOBHX
napaMeTpUYHUX Mojeliei y Oaratbox mnpoektax. OcoOiMBO 1€ CTOCYETHCS MPOCKTYBaHHS MOCTOBHX IEPEXOiB,
aJKe CTaHAApTHI eJIEeMEHTH JJIsl HUX, TaKi K ornopa abo mporoHoBa O0y/0Ba, B IPOrPaMHUX NPOJYKTaX MOKH 110 HE
npezacrasieHi. [IpoekTyBaHHSI MOCTIB, SIK IIIOCKOTO KOHTYPY, IMOPIBHSHO 3 BUKOPUCTAHHSAM IPOCTOPOBHX iH(opMa-
IiHUX MOJEeNed, — JOBIHii Ta Hee(EeKTUBHUM MpOIIeC, IO TOTO X HE Ja€ MOXIUBOCTI Bi3yaisailii, sika € HeoOXiI-
HOIO CKJIaJIOBOIO OY/Ib-SIKOTO IPOEKTY.

Krouosi crosa: mpocTopoBe MOJICITIOBAHHS, TTapaMeTPHYHi 00’ €KTH; oniopu MocTiB; Autodesk Revit

BCIO iH(opMaIiito mpo 00’€KT BiJ CTajil MPOEKTY
o OymiBHHUIITBA Ta ekciuryatamii. [HdopmarmiitHa

_I[HHaMiKa PO3BUTKY KOMH’IOTepf_IOT rpadiku MOJIE/Ib J1a€ MOJXKJIMBICTh NPALIOBATH HAJ OJHUM
CBIAYUTH MPO TCHACHUIIO NEPEXONAY BIA CYTO TPa-  oQ’exkTOM BOJIHOYAC rpymi CIIEIIaJIICTIB,
(hiqHOTO BiZOOpaXXCHHS O0’€KTIB, WIO MPOCKTY-  aproMaTHYHO OTPUMYBAaTH KpECJeHHA, 0a3u
I0TbCs, 110 Tak 3BaHoro BIM (Building Information  japux, rpadik BUKOHAHHS OyIiBEIBHHX POOIT Ta
Model) indopmariiiHoro MoOICTFOBaHHS. inme [1-4].

OCHQBa KQHHeHHiI BIM — CTBOPCHHA €IMHOT Y KOMIT'IOTEpHUX TporpaMax s apXiTeKTyp-
TPUBUMIPHOT iHPOPMAIIIIHOT MOJIENI, SIKa BKJIFOYAE HO-OYIiBEIBPHOTO  MPOCKTYBaHHSA  (TAKHX  SIK

Beryn
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Graphisoft ArchiCAD ta Autodesk Revit) icHye
BEJIMKA KiIBKICTh CTaHAAPTHUX EJIEMEHTIB, TaKHX
SK CTiHH, BiKHA, IBEpi, IEPEKPUTTS, Ta iH., SKi J10-
3BOJIIIOTH CTBOPIOBATH iH(OpMAIiiHi Moaem Oy-
NliBEJb, HE BUTPAYAIOYX 3aliBOTO Yacy Ha PO3pOOKyY
okpemux enemeHTiB. [1{o cTocyeThes mpoekTyBaH-
HS MOCTOBHX IIEPEXOJiB — MPOIEC CTBOPEHHS iH-
(dopMmariiiHux Mojenel TyT HabaraTo CKJIaHIIINH,
aJDKe TOKHW IO HE MPEJICTAaBJICHI MPOrpaMHi Mpo-
IYKTH, SKi O MaJW CTaHJAPTHI €NEeMEHTH TaKi SIK
omopa abo mporoHoBa OyaoBa. B3araii-to koxeH
MOCTOBHUI TepexiJl € yHIKaJIbHUM. AJle BUKOPHC-
TOBYIOTh MEBHI THIU OMOP YH MPOTOHOBUX OYIOB,
SIKI MalOTh OJHAKOBY CTaHAApTHY GopMy 1 Bimpi3-
HSIOTbCA 32 po3MipaMu. IIpu 1BOMY TpPOTOHOBI
OyznoBu Oinbin yHi(ikoBaHi, Hixk omopu. Lo cury-
aIfilo OCTaHHIM YacOM HaMararThCs 3MIHUTH, BH-
KOPUCTOBYIOUM B oOmopax 30ipHI KOHCTPYKIIil.
Tomy BaxnuBOIO € yHi(iKalis po3MipiB omnop Moc-
TiB. OTKe aKTyalbHUM THTaHHAM, Ha HAIly IyM-
Ky, € CTBOpPEHHsI iHpOpMaIiTHUX MoJelnel omnop 3i
3MIHHAMU TIapaMeTpamMHu.

Merta crartTi

IIponoHY€ETBCSA PO3TISIHYTH ACSKI MOYKIIHBOCTI
Autodesk Revit 1o CTBOpeHHIO THapaMETPHYHHX
00’€KTiB, Ha TPUKIAAI MOOYAOBU 3alli300€TOHHOT
MPOMIXKHOI OTTOPH MOCTA, TIEPEBIPUTH MOKIUBICTh
3MIHM pPO3MIpiB Mozeli 0e3 3MiHM reoMeTrpil
00’eKTa Ta MpoaHaji3yBaTH AOLUIBHICTE CTBOPEH-
HS TapaMEeTPUIHUX MOAETICH.

MeTtoanka

Ha mepmomy erani HeoOXiIHO BHU3HAYUTH (oO-
pMy Ta po3Mipu MaiOyTHBOI Mojem. 3anatu ¢ik-
COBaHi po3MipH, Po3iOPATHCH, SAKi 3AIEKHOCTI CIi
YBOJUTH JIJISl 3MIHHUX BeJIW4YuH. ECKi3 MOXHA BH-
KOHATH BiJl pyKU Ta BUKOPUCTATH HOTO SCan-KOIMio
SK OCHOBY JIsI CTBOPEHHs Mojeni. AOO MOKHa
BUKOPHUCTATH BXkKe icHytounii ¢aiin Autocad [1], sk
B HaBeJeHOMY NpHKiazi (puc. 1).

CTBOpeHHs Kapkacy MojaeJi

Bigkpusmm Revit, citi CTBOpUTH CIMEWCTBO Ha
0a3i METpU4HOI CUCTEMH, THIIOBOT Mozedi (puc. 2).
[HCTpyMEHTH 1 TPHHIUON  TPOCTOPOBOTO
MozemoBaHHsT Revit Bipi3HAIOTHCS Bil 3BUYHUX
HaM IHCTpYMEHTIB MojenoBaHHS Autocad [1, 5].
3amicth komaua «SAILIUK» Ta « DACKA» B Revit

kopuctyioThcst «BBIZABUTD» ta «IIEPEXO /.
Ane cnovatky B Revit morpiOHO cTBOpHUTH Tak
3BaHi «OMOPHI MIoMMHWY. [ criporieHHs mo0y-
JIOB IMIIOPTYyeEMO icHyIouui Qaitnm Autocad uepes
menio «BCTABKA» - «UMIIOPT U3
D®OPMATOB CAIIP». IloOymyemo cmo4atky
IUIONIMHU PIBHSI, TPHB’A3YIOYM iX IO iCHYIOUHX
TUIOIIMH IMIIOPTOBAaHOT Mojieli 1o dacay (puc. 3),
(6, 71.
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Fig. 1. Sketch of the model
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Fig. 2. Selecting the family template
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Puc. 3. CTBOpeHHs ONOPHUX IUIOMIMH
Fig. 3. Creating the planes of reference

[lepeiinemo na onopuuii piBerp «IIJIAH», Ta
CTBOPUMO BEPTHUKAIbHI IUIOLIMHH, IO MPOHAYTH
gepe3 0Ci CHMeTpii KOJIOH.

CTBOpIOIOYM OMOPHI TUIONIWHH, 01pa3y 3adik-
CYyeMO HE3MiHHI pO3MipH — BUCOTY MigpepMeHHOT
Ta MPOMIXKHOI TUTUT Ta BUCOTY (pacok (TOCTaBUMO
«3aMO0u0K»). /Iyl 3MiHHMX PO3MIpiB BBEIEMO Bil-
noBinni mapamerpu uepes «CEMEHMCTBO» —
«TATIOPABMEPBI B CEMEUCTBE» (puc. 4).
Takumu OynyTh BUCOTa (QyHAAaMeHTy hg, BUCOTa
HIKHBOI YaCTHHH OMOPH hpy, 1O 3aJICKUTH Bif
h,,, Ta BUCOTA KOJIOH Mpgg.
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Puc. 4. Anamniz ¢opm mozneni

Fig. 4. Analysis of model forms

CrtBopennsi 06’eMHoi reomerpii. Omopa Mae
JOCUTH CKJIaAHY (OpMYy, TOMY JAJsl KOKHOTO ele-
MEHTa, 0 OyJe CTBOPEHHH SIK OKPEeMHUIl reoMer-
pyUdHHII 00’€KT, MOTPIOHO OApa3y 3amaBaTH HE0O-
XiHI mapaMeTpH Ta MepeBipATH KOPEKTHICTh 3Mi-
HU 1UX mapametpis [6—13].

Ilepefinemo Ha OMOpHHUN piBEHL IUIAHY Ta
aKTHBI3yEMO KOMaH[Ty «CO3JJATb» -
«POPMY» — «BBIIABJIMBAHUE. CtBOprMO
CHOYATKy 4YacTHHY (YHAAMEHTY MK OIOPHUMH
BEPTUKAIGHUMH TUIOIMHAMH, IO PO3TAIIOBaHI Ha
BigcTaHi C.

[MoOyayemMo TpSAMOKYTHHK IIHpUHOW Bgh
(4400 MM), 3amaeMo TTOYATOK BHUIABIIOBAHHI —
500 MM, kiHeus BupaBmioBaHHsA — Hep, y Hamomy
npuxiani — 1 600 mMm (puc. 5, a, 5, 0).

[Io6 3akpinmuT MOTPIOHI HAM TapaMeTpH MPH

aKTUBHOMY  PO3Mipi, BUOUpPaEMO OTILIi O
«METKA» — « 1I0BABUTDH ITAPAMETP». IIpu
upoMmy  Bimkpuerbcss  MeHio  «CBOMCTBA

MHNAPAMETPAY, ne i ciix 3agaTi ClIOYaTKy THII,
Ha3By Ta KaTeropiro mapamerpa (puc. 5, 6), a IOTiM
fioro BenmuuuHy 49U Gopmyiy (puc. 5, 2).

Jami cTBOpMMO I JBa CHUMETPHYHUX TiNla,
NpUB’S3yIOYd X IO MEpHIoro 3a ONOPHUMH ILIO-
[IMHAMH.

st mporo OyIyeMO KOHTYP IIBKOJIA PaaiycoM
R=B¢/2, 3amkHyTOrO Bimpi3KOM TpsMoi. [yry
KOJIa TIPUB’SI3yEMO 10 KYTiB HEpIIOro Tija Ta BU-
KOHYEMO BUJIABJIIOBAHHS 3 THMH XK ITapaMeTPaMH.
(puc. 5, 0).

[epeiinemo mo 3D Buay Ta 00’€AHAEMO CTBO-
peni o0’extu uepe3 meHio «TEOMETPUS» —
«COEJUHUTDb» (puc. 5, e).

Oppa3y TepeBipUMO  KOPEKTHICTh  pOOOTH
CTBOpEHOro 00’€KTa MpH 3MiHI mapametpis. [ns
LILOTO 301IBIIMMO BimcTaHb MiX ocaMu C BIBidYi Ta
3MIHUMO BHCOTY ¢QyHaameHty hgh 3 1 600 MM Ha
2 000 MM (puc. 5, €). Jlns nopiBHSHHS 3MiH 3aJU-
IIUMO B MPOEKTI MOJIENb OTOPH, IO IMIIOPTOBaHA
3 AutoCAD. OueBuHO, 1110 TOOYIOBaHE TUJIO 3Mi-
HUJIO PO3MIpH, OTKE TapaMeTpH 3aJlaHi KOPEKTHO.

Jnst mopaneimoi poOOTH BiJHOBHMO TEPBUHHO
BCTAQHOBJICHI MapamMeTpu Ta IepeieMo Ha Orop-
HUI piBEHb IJIaHY.
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Fig. 5. Creation of foundation geometry
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dacky pyHIaMEHTY MOOYAYEMO 32 TOTIOMOTOI0
inctpymenta «CO3JATb» «JIEPEXO»
(puc. 6, a). Croyatky ciizx BKa3zaTH «poOody IJio-
IIMHY», BHOpaBIIM ii 3 paHime cTBopeHmx. Jlami
OyayeMO KOHTYp HIDKHBOI OCHOBH TiJla EPEXOAY,
MOTIM KOHTYpP BEpPXHBbOI OHOBH. 3aJa€MO BHCOTY
BumapioBaHHsa — 500 MM, 1 MATBEPIKYEMO, IO
moOyIOBU 3aKiHUEHO. YCi KOHTYpH MPHUB’SI3yEMO
JI0 BIANOBIAHMX JiHiH ecki3y (iMmopToBaHOi Moze-

eafop |3nanarr I‘Em Jhﬂo-m_
"'“—B & Camar
Sievan . [ Mepexoa 8 npaansHEm KomnonenTe |
[ Nonocrre doprs +
ToepACTEALNIRA INEMENT DEPEXOAD
Conaarne obwemnod 30 durype, $opaa koTOpod MerseTes e
T RACAL £ APOTRREHRGCTH, OBPATYR NEPEXt OT HaNANEHOR
seeicToo: O ¥ v T | aryped & Koneunoil durype.
sEACMOCTI 2 -
Jenona (7] Fror mecTpyssent nossonmer conaaTs NEpED MERTy ARYL
ry |E npodwarke. Hanpussep, ecnn HapucosaTe 3con
R 8 g v - cosgercn
wn geranm [Hopuaneno || i
ECYULIME KOHE—. Amynan scsunt

Onopmil yposes
- Masss noToMDE
B 3D maw
Bia 1l
& Dacage (Dacan 1)
Hazas

ai). ®opMmy mepexoay MOAUIUMO Ha TPU YMOBHI
YaCTHHH, 5K 1 mornepenHo GopMy BHIABIFOBAHHS.
LleHTpanbHy 4acTHHY MpPSAMOKYTHOI (opmu Oauu-
MO Ha puc. 6, 0.

Hani Oyayemo mOCTIOBHO [ABiI 3a0KpyIJIeHI
¢dopmu nepexony (puc. 6, 8). Pesynprar 6aunmo Ha
puc. 6, 2.

[lepeBipuMO KOpPEKTHICTh 3MiHH TapameTpiB
(puc. 6, 0).

Puc. 6. IToOynoBa dacku

Fig. 6. Building of chamfer

Tino omopu CTBOPHOEMO 3a aHajoriew 3 QyH-
JTAMEHTOM, BHUKOPUCTOBYIOUH IHCTPYMEHT
«BBIJABJIMBAHHUE). Pobouy mnommHy BUOU-
paemo 3a 3pizoM (yHIAMEHTY 31 CTBOPEHHUX OTOP-
HUX TIomuH [1, 6, 7].

Bucoty 3aaeMo sik 3MiHHHIA TapaMeTp, 1o 3a-
JISKUTH Bij] MOBHOI BUCOTH omopu (puc. 7, a).

[Ticns moOymoBM HEOOXiTHO 3B’S3aTH CTBOPEHE
TiJ'IO 3 OIIOPHUMM IIJIOHIUHAMMU.
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st BUKOHaHHS 1Ii€] omeparii mepeiaeMo y Bi-
kHO «®ACAJl» — 3miBa, Ta 3adiKCyeMO «3aMOy-
KaMm» CTBOpeHUit 00’ ekt (puc. 7, 0).

I'eomerpiss TPOMDKHOI IIIUTH  aHAJOTIYHA
reomerpii  (yHOaAMEHTy, TOX  MOCIiJOBHO
Nt
SN A
e

BUKOHAEMO  Omepalii, aHaJoriuHi  paHime
posrsiHytuM  (puc. 7, 6, 7, 2). Hanpukinmi
nmoOynoB 3aikcyeMo OOEKT, CKPIILTIOIOYH HOTO
3 ONOPHUMH TIOIIMHAMH.
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Puc. 7. CTBOpeHHs reoMeTpii Tijia OIopH

Fig. 7. Creating the geometry of the support body

[epeiinemo Ha piBeHD 3pi3y MPOMIKHOI IUIHTH,
MIPUB’A3YIOUUCH JI0 BEPTUKAIBHOI OMOPHOI ILJIO-
IIMHU, CTBOPUMO TiJO BHJABIIOBAHHS B OCHOBI
sikoTo Koo miamerpoMm d g (puc. 8, a). Ompazy
BBEJIEMO IapaMeTp JiaMeTpa KOJOHH B TaOJuUIl
«TUIIOPABMEPbBI B CUMEMCTBE» T1a 3a-
KpIMHMO KOJIOHY 32 BEPTHKAJIbHHMH TUIONIHHAMHU
y BikHI «pacan-3miBa» (puc. 8, 6).

BpaxoByroun, mo ruiaHyeTbesi Ha 0a3i BuOpa-
HOI OTOpU 3aJi3HUYHOTO MOCTa CTBOPHUTH OIOPY
JUTSL aBTOJIOPO’KHBOTO MOCTa, J€ KiIBKICTh KOJIOH

Oinbla 1BOX, MOOYAYEMO APYry KOJOHY 3a JOIO-
mororo koMmangu «MACCHB». Biacranp Mik
eJIeMEeHTaMH MacHBY JOPIBHIOE BiZICTaHI MiX OCS-
mH koyioH C. KinbKicTh eaeMeHTiB — 2, ajie no0a-
BUMO 3MIHHMM mapamMerp #n B  TaOJHIIO
«TUITOPA3MEPBI B CUMEMNCTBE»
(puc. 8, ). SIKmI0 3MIHUTH KITBKICTh €JIEMEHTIB
n 3 2 Ha 5, mo6aynmMo, 110 Onopa KOPEKTHO 3MiHIOE
napameTpu (puc. §, 2).

[ToBepHeMo omopi momepeaHiii BUTIAL, MO0
MEPEUTH 10 HACTYIMHUX MOOYI0B.
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Puc. 8. [ToOymoBa KoJioH

Fig. 8. Construction of columns

[Mindepmenna muura OyIOy€EThCS TaKOXK aHAJO-
riYHO QyHIAMEHTy, aje Till mepexoay Oyne nBa —
OJIHE CTBOPIOE (hacKy, aApyre — 31uB. TOX BUKOHA-
€MO 11l MoOyZI0BHY, He 3a0yBarOuu BBECTH BiJIIIOBIJI-
Hi mapaMeTpH Ta 3aKpiMUTH 00’ €KTH 32 OMOPHUMH
iommHamMu (puc. 9, a, 9, 6, 9, 8).

Hampukinii nmoOym1oB CTBOPUMO OMOPHI HOIY-
mku. Po3mipu iX MokHa BCTaHOBHUTH (PiKCOBaHi
abo 3MiHHI. Bigcrane Mixk ocsiMu omop A 3ai3-
HAYHOTO MOCTa BiApi3HAETHCSA Bim BenmumuuHU C,
TOX Tpeba CTBOPUTH JIOJIATKOBI OMOPHI IJIOIIMHH,
Ha BigcraHi C,, moOyayBaTH OJUH €IEMEHT 3a J0-
noMoror0 komanmu «MACCHB» 3 KiIbKIiCTIO
elleMeHTiB n=2. Pe3ymbrar MoxeMo OauuTH Ha
puc. 9, a.

VY pe3ynbpTari OTpEMaHO MPOCTOPOBY TPHBUMI-
PHY MOJIeJIb ONOPH i3 IEBHUMH PO3MIpPHUMH 3aJie-
xHOCcTsMH (puc. 10, a), HazBemo 11 «Tum 1». us
NepeBipKH KOPEKTHOCTI 3MiHU MapaMeTpiB 3ajae-
MO iHII 3HA4Y€HHS BUCOTH OMOPH, JiaMeTpa KOJIOH
Ta BUCOTU (yHAaMeHTy. Pesynprar Oaunmo Ha
puc. 10, 6. Ilicast neskuX HaJlAIITYBaHb Napamer-
piB TPUB’S3KH OMOPHUX MOLYIIOK Ta TeoMeTpil
migpepMeHHOl TIUTH 3MIHUMO THI OIOPH Ha aB-
TOAOPOKHIO. 301TBITUMO KiJTBKICTH KOJIOH JI0 5 Ta
30epexkeMo gk cimerictBo «Tum 2» (puc. 10, 6).
Jami Takox 3MiHUMO BHCOTY OIIOPH, KIUITBKICTb
KOJIOH, BHCOTY (pyHImameHTy. Pe3ympraT 6aunmMo Ha
puc. 10, .
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6—-c¢ e—d
Puc. 9. IToOynoBa reometpii mindepMeHHOI IITUTH

Fig. 9. Construction of the bridge cap geometry

a-—a 6-b 8 —c e—d
Puc. 10. IIpocTopoBa TpUBUMIpHA MOEIH OLIOPH

Fig. 10. Spatial three-dimensional support model
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HaykoBa HOBM3HA Ta NPAKTUYHA
3HAYUMICTH

Ha croroaninniii AeHs aKTyalbHUM € BUKOPU-
CTaHHS HOBITHIX KOMIT FOTEPHUX TEXHOJOTIH TIpH
NPOCKTYBaHHI Oyab-skuX 00’ekTiB. CTBOpEHHS
napaMeTpuyHuX iHQOpMaIifHNX MoJele — OIMH
3 HAUTPOTPECUBHIMINX HANIPSIMKIB KOMIT IOTEPHOTO
MPOCKTYBaHHS, ajleé He JOCTaTHHO II¢ BUBYCHUIL.
Sk B nmiTeparypi, Tak i B iHTEpHET-pecypcax, mapa-
METpHU3allis PO3TIAAAETHCH Ha MPUKIAJI TPUMITH-
BHUX 00’ekTiB [6-13]. Il{o cTOCYy€eThCST CTBOpEHHS
napaMeTpUYHUX MOJEJe €JeMEHTIB MOCTOBUX
MEPexXo/IiB — y JiTeparypi Taka iHpopmamis He 3y-
CTPIYa€ThCA, OTXKE 3aIPOIIOHOBAHA BIIEPILE.

[MoOynoBa mapamerpuuHux 00’ekTiB B Revit
nmorpedye OLIBII AETAaTHHOTO aHANi3y MOJENi Ta
B3a€MO3B’S3KiB TCOMETPUIHHUX CIEMEHTIB Ta OiJb-
HIOTO Yacy, HiXX BUKOHAHHSI KPECJIEeHb Y TUIOCKOMY
KOHTypl 4YM moOyAoBa MPOCTOPOBOI MoAei
B Autocad. Ane B pe3yabTaTi MH OTPHUMAEMO
00’€KT, KM B MOJAJIBIIOMY MOKHA HaJAIITOBY-
BaTH, pelaryBaTd, BUKOPHCTOBYBaTH B Pi3HUX
MPOEKTax, L0 3HaYHO 3E€KOHOMHTH 4dac. Hampwu-
KJIaJ, MOJKHA po3paxyBaT 00’eM OETOHY, BUKOPH-
CTaTu MOOYAOBaHY MOJENb JJs IMOAANBIINX pPO3-
paxyHKiB MiHOCTI, Tomo. OcoOIMBO LIe aKTyallb-
HO, BpaxOBYIOUH TEHACHIIIIO J0 YHidikamii eaeme-

HTIB MOCTOBHX II€PEXO/IiB Ta BUKOPUCTAHHSI
30ipHMX €JIeMEHTIB KOHCTpYKHid. MoxkeMo Binwmi-
TUTH, IO 3MiHa MMapaMeTpiB BUCOT, KUTLKOCTI eie-
MEHTIB MacHBY, BIJICTaHI MK eJleMEHTaMH Bil0y-
BAETHCS KOPEKTHO, MPH BIpHUX BUXITHHUX JAHHUX Ta
MpHB’A3KaX OKPEMUX €JIEeMEHTIB 0 0a30BOTO piB-
Hi. [IpoekTyBaHHS K MOCTIB SIK IZIOCKOTO KOHTY-
pY, TOPIBHSHO 3 TMPOCTOPOBHM MOJICIIOBAHHSM,
JOBruidl Ta He e(eKTUBHUN MPOLEC, 10 TOTO X He
JTa€ MOXKITUBOCTI Bi3yaui3allii MpOeKTiB.

BucHoBku

1.OTpumano mapaMeTpuuHy iH(OpMamiiHy
MOJIENb OTTOPH MOCTa, Ha MPUKIIAL K0T PO3IIISHY-
To MoxunBocTi Autodesk Revit.

2. [MapameTrpwu3allisi MPOCTOPOBHX MOZEICH Nae
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MNOCTPOEHUE MPOMEXYTOYHOM ONIOPBI MOCTA KAK
HAPAMETPHYECKOI'O OBFBEKTA C IIOMOIIIBIO AUTODESK
REVIT

Hean. B HayuHoli pabore HEOOXOOMMO PENINTh Takue 3aaaun: 1) nccienoBaTh Bo3MokHOcTH Autodesk Revit
M0 CO3aHHUI0 NTapaMeTPUUECKUX 00BEKTOB; 2) co31aTh MH(OPMAIOHHYIO MOJETbh POMEXYTOYHOM OIOpBI MOCTa
C BO3MOXXHOCTBIO M3MEHEHHS pa3MepoB Mojenu 0e3 M3MEHEHHS T€OMETPHU O0BEKTa; 3) OTCIEIUTH CIOXHOCTh
U 11eJIeCO00pa3HOCTh MCIOJIb30BaHUS apaMETPUIECKUX MOJIENICH PU MPOEKTUPOBAHUH 3JIEMEHTOB MOCTOBBIX TIe-
pexomoB. Metoauka. MccienoBanusi IPOBOAMINCE € OMOIIBIO MPOCTPAHCTBEHHOTO MOJESIHPOBAHKUS B CUCTEME
Autodesk Revit. 3amaBanuch COOTHOIICHHS TAPAMETPOB 00BHEKTA, B3AUMOCBS3H MEXIY OTIACITBFHBIMH T€OMETpHUYIe-
CKMMH 3JIEMEHTAMH H MPOBEPSIIOCH, KaKHe U3MEHEHHS IPOUCXOMAT ¢ MOJEIBIO NPH W3MECHEHUH 33/IaHHBIX apa-
MeTpoB. PesyabTarsl. Co3nana MoeNb OIOPHI IBYX THIOB: IJIS XKEIE3HOAOPOKHBIX MOCTOB U JUISL aBTOOPOKHBIX.
O0a Tuma MoJeIH M3MEHSIOT pa3Mepbl H KOJIMYECTBO COCTABILIOLIMX 3JIEMEHTOB B COOTBETCTBUH C BBEICHHBIMU
napamerpamu. [IpoBenenHas paboTa MOATBEPKAAET BO3MOXKHOCTD CO3JaHUsI MH(POPMALMOHHBIX MTapaMeTPUIECKHUX
MoJieiel CI0XKHOW (DOPMBI U 1eJIeCO00pPa3HOCTh UX MCIOJIb30BAHUS IPU HMPOCKTUPOBAHUH MOCTOB M HE TOJBKO.
Hayunas HoBu3na. Cozjnanue nH(GOPMAIIMOHHBIX MOZEJIEH — COBpEMEHHas M akTyajbHas TeMa. Ho kak B iuTepa-
Type, TaKk U B MHTEpHET-pecypcax NnapameTpu3alysi pacCMaTpUBAeTCsl Ha IPUMEpEe MPOCThIX 00beKkToB. Moaens,
MIPEJIOKEHHAass B CTaThe, COCTOMT M3 HECKOJBKHX 3aBHCHUMBIX T'€OMETPHUYECKUX Tell, CJIE0BATENILHO, PAaCKPHIBAET
TEeMy IapaMeTpHu3aluy 00bEKTOB 00JIee TOJIHO U TOAPOOHO, TI0 CPAaBHEHHIO C CYIIECTBYIOIUMU UCTOYHUKAaMH. UTO
KacaeTcsl CO3/IaHMsI ITapaMeTPUIECKHX MOJENIEH 3JIeMEHTOB MOCTOBBIX MIEPEX0JIOB — TO B JIUTEpAType Takas HHPOp-
Malys He BCTPEYaeTcsi, TO eCTh, NpeaiokeHa prepsbie. [IpakTuyeckas 3nHauuMoctb. [lapamerpusauus npoctpas-
CTBEHHBIX MOJICJICH TIO3BOJISICT 3HAYUTEIBHO YCKOPUTD M YIIPOCTHTH MPOLECC MIPOSKTHPOBAHUS JTIOOBIX 0OBEKTOB 32
CUeT UCIOJIB30BAHUS THUIIOBBIX NTApAMETPUUECKUX MOJeNIeH BO MHOTHX IpoekTax. OCOOSHHO 3TO KacaeTcs POEKTH-
POBaHHUST MOCTOBBIX IIEPEXOAO0B, NMOCKOJIBKY CTaHIAPTHBIE JIEMEHTHI Ul HHUX, TaKHe KaK OIopa WM IPOJICTHOE
CTpPOEHHE, B MPOrpaMMHBIX IPOAYKTaX MOKA He MpeacTaBieHbl. [IpoekTHpoBaHe MOCTOB, KaK INIOCKOTO KOHTYPA,
10 CPaBHEHUIO C UCIIOJIb30BAHMEM IPOCTPAHCTBEHHBIX HHPOPMAIIMOHHBIX MOJIEIIEH, — AIIUTENIbHBIN U HEd(P(PEKTHB-
HBII NpolIecC, K TOMY )K€ He Jaroluii BO3MOXHOCTH BU3yalln3alllu, KOTOpas sBJISeTCS HEOOXOIUMOI COCTaBIIsIO-
IIeH JIF000T0 MPOCKTAa.

Kniouesvie cnosa: MpoOCTpaHCTBEHHOES MOJICIUPOBAHKE; MapaMeTpUUECKre OOBEKTHI; Omophl MOCTOB; Autodesk
Revit
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CONSTRUCTION THE BRIDGE PIER AS PARAMETRIC OBJECT
USING AUTODESK REVIT

Purpose. The work is aimed to solve the following tasks: 1) to investigate the possibilities of Autodesk Revit to
create parametric objects; 2) to create an information model of the bridge pier with the possibility of changing the
model size without changing geometry of the object; 3) to trace the complexity and feasibility of using parametric
models when designing the elements of bridges. Methodology. The studies were carried out using spatial modeling
in the Autodesk Revit system. The ratio of the parameters of the object was set, the relationship between individual
geometric elements was determined and the changes that were made to the model with the change of the specified
parameters were checked. Findings. Support model of two types has been created: for railway bridges and for road
bridges. Both types of models change the dimensions and the number of constituent elements in accordance with the
entered parameters. The performed work confirms the possibility of creating information parametric models of
complex form and the expediency of using them in the design of bridges and not only. Originality. Creation of in-
formation models is a modern and relevant topic. But both in the literature and in Internet resources, parametrization
is considered on the example of simple objects. The model proposed in the article consists of several dependent ge-
ometric bodies; therefore, it opens the topic of objects parameterization more fully and in detail, in comparison with
the existing sources. As for the creation of parametric models of the bridge elements - such information is not found
in the literature, that is, it is proposed for the first time. Practical value. Parametrization of spatial models allows
significantly to accelerate and simplify the process of designing any objects due to the use of typical parametric
models in many projects. Especially it concerns the design of bridges, since the standard elements for them, such as
support or span are not yet presented in software products. Designing the bridges as a flat contour, in comparison
with the use of spatial information models, is a long and inefficient process, besides it does not allow visualization,
which is a necessary component of any project.

Keywords: spatial modeling; parametric objects; bridge supports; Autodesk Revit
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