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Background. The current operating conditions of railway transport characterized by an increase in the power of locomotives, train
speeds and carrying capacity, which leads to increased force influences on the railway track. Extreme operating conditions lead to
increased wear and damage to rails on the reliability of which depends not only on traffic safety, but also the economic performance
of the railway. Defective layers of the material removes from the surface of the rail by the rail grinding process. Thus, provides the
required sizes and shape accuracy, as well as surface quality of rails during their operation.

Objective. The aim of this work is to develop a tribological model of contact wear of rails during their operation depending on
parameters of the grinding process (temperature t, grinding depth of cut ae, grinding wheel speed V).

Methods. The research on wear and contact damage of samples of surfaces cut from grinding rails conducted on a friction machine
M-22M. The studies were carried out by dry friction of a sample (cut from a rail) with a counter-sample from the material used in the
manufacture of railway wheels, for 1 hour, the friction path was 3.60 km. Samples were weighed on a VLR-200 balance before and
after the study was performed on the friction machine. As a result, the mass wear value was determined for each sample. A numerical
model created in the Ansys program for numerical simulation by the finite element method of the rail-wheel contact to determine the
contact pressure distribution and the wear intensity of the rail.

Results. Based on the results of tribological studies in the paper established the empirical dependence of the wear intensity of the
rail sample on the grinding process parameters. The contact conditions of the rail sample with the counter-sample during the
tribological experiment and in real contact of the rail-wheel are different. Therefore, we performed the alignment of that empirical
dependence to the actual conditions of contact of the wheel with the rail. The rail-wheel contact simulation performed in ANSYS
Workbench. The dependence that given in the paper used in the program. It used to calculate the wear intensity of the rail according
to the distribution of contact pressure in the contact zone of the wheel and rail.

The results of the work can find practical application in railway transport to predict the effect of grinding proces parameters on the
wear intensity of the rail.

Conclusions. The dependence obtained for the approximate value of the rail wear intensity depending on the grinding process
parameters (temperature t, machining allowance ae, linear speed of the grinding wheel V) based on the experimental data obtained
from tribological experiments on the M-22M friction machine with grinded rail samples. The mathematical model has developed for
calculating the contact pressure and the value of the rail wear intensity depending on the number of load cycles in the ANSYS
program.
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Introduction

The current operating conditions of railway transport characterized by an increase in the power of locomotives,
train speeds and carrying capacity, which leads to increased force influences on the railway. Extreme operating
conditions lead to increased wear and damage to rails on the reliability of which depends not only on traffic safety, but
also the economic performance of the railway [1].

The wear rate of train wheels and rail are affected next parameters: the current load (contact pressure of the wheel
on the rail), temperature (in contact), type and speed of the locomotive, environmental effects, physical-chemical
modification of surfaces during friction and wear, properties lubricants and lubrication methods. Rails experience
alternating bending stresses reaching 240 MPa, and high specific pressures — 2500 MPa during the contact train wheels
with rails. In the curved sections of the path with a radius of 350 m or more, wheel slippage is 2 — 3% [2, 3].
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One of the defects that occurs on the rail surface is wave-like wear [4]. The occurrence of such a defect causes
the appearance of tracks, a decrease in train speeds, a detrimental effect on rolling stock, an acceleration of failure, an
increase in dynamic loads on rails and, as a result, an acceleration of the development of contact-fatigue defects. The
occurrence of such a defect causes damage to the track, a decrease in train speeds, a harmful effect on the train,
accelerating its failure, increasing the dynamic load on the rails, and, as a result accelerating the growth of contact-
fatigue defects.

To prevent the development of wave-like wear first it is necessary to increase the quality of rail production at rail
rolling factories, as well as the quality of repairs and current track maintenance, ensuring its uniform elasticity
throughout the entire period between repairs.

Efficiency and quality of repair of a rail cloth achieved by timely carrying out profile (all around the perimeter)
or surface rails grinding by special grinders, rails grinding trains and allows increasing the inter-repair terms of the way.
The process of grinding the contact surface of rails carried out at the expense to the power contact of the kinematic
chain "abrasive wheel — machined surface". The design of the grinding machine provides constant perpendicularity to
the axis of rotation of the circle relative to the longitudinal axis of the rail. Cutting conditions of each separately
working wheel vary significantly depending on the angle of inclination of the grinding head. The work of an abrasive
tool closely related to the changes that make the physical-mechanical properties of rails, resulting in a sharp change in
hardness in individual sections of the railhead and contributes to toughening the working conditions of grinding wheels.

The urgent problem is to increase the productivity and manufacturability of the processes of grinding rails, to
ensure the specified quality and the necessary physical and mechanical properties of their rolling surface. An important
task is to create the tribological model that linked the parameters of the grinding process and the predicted value of rails
wear, which would firstly optimize the frequency of repair of rails, and secondly, optimize the parameters of the
grinding process to decrease the wear of the rail contact surface.

The aim of this work is to develop a tribological model of contact wear of rails during their operation depending
on parameters of the grinding process (temperature ¢, grinding depth of cut a., grinding wheel speed V).

The main tasks set forth in the presented work are:

— Establishment of mathematical dependencies of the influence of grinding process parameters on the wear
intensity of rails;

— Creation tribological model that links the predicted value of the wear intensity of rails in real conditions of their
operation and parameters of grinding processes.

Results

In previous works [5, 6], experimental studies were carried out to establish the effect of grinding process
parameters on the wear intensity of rail grinding samples, their hardness and roughness. Tribological studies performed
with samples that cut from the rail contact surface that subjected to grinding [7]. The studies carried out on an M-22
friction machine under the following conditions of contact of the sample with the counter-sample: dry friction, rotation
frequency n = 490 min~!, contact force — P =100 N, friction path — 3.60 km (the experiment performed for 1 4).
Graphical dependences of the effect of grinding parameters on the values of wear intensities of rail samples obtained
and given in [7], based on the data from the experiments.

The following empirical dependencies obtained by approximating the graphical dependencies obtained by the
experimental data [7]. The dependence of the hardness on the wear intensity of the rail sample at different values of the
grinding depth of cut a. [7]:

I'(HY  a,) = a? ((0.884- HV ~ 642.36)" ~1531037 )~ a,((0.1257- HV ~94.35)" ~459.82) +
(1)
+(0.0107-HV =7.53)’ —0.61,

where HV is value of the sample Vickers hardness.

We take into account the influence of other parameters (temperature ¢ and grinding wheel speed v) of the rail
grinding process on their wear resistance in the form of influence coefficients. In our calculations, we accepted that the
hardness of the rail is 600 HV, which will correspond to the minimum wear intensity of rail samples according to the
work [7]. Then, the dependence of grinding process parameters of the rail samples on the wear intensity has the form:

I(a,,V,t)y=I'(HV ,a,) -k, -k,, 2)

where ky is coefficient of speed influence on the predicted value of the wear intensity of rail samples, £; is coefficient of
temperature influence on the predicted value of the wear intensity of a rail samples.
The coefficient of speed influence depending on the grinding depth of cut a.:

ky =(12.52-a,-0.0712)-V —338.9-a, +2.8453 . 3)
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The coefficient of temperature influence depending on the grinding depth of cut a.:
k, =(-0.925.a, -0.00085) -t —6.1071-a, +0.9749 . @)

The indicated dependence (2) is valid for predicting the wear of rail samples when performing an experiment on a
friction machine. Since the contact conditions of a rail sample with a counter-sample during a tribological experiment
and in a real contact of a rail-wheel are different, the empirical dependence (2) is indicated cannot be used to assess the
rail wear in the real contact conditions. The dependence (2) can used to perform relative assessments of the influence of
grinding process parameters on the wear of rail samples.

During the experiment, sliding friction occurs between the rail sample and the counter-sample (fig. 1. @). In a real
contact of a rail-wheel their complex interaction occur (fig. 1. ). It should also take into account that in the experiment
there was no shift the contact area of the rail sample with the counter-sample. In the real contact of the rail-wheel, the
contact area shifts along the rail due to movement of the wheel. Accordingly, the contact of the wheel with the rail in a
certain area lying on the contact surface of the rail occurs for a short time. It does not coincide with the experiment
where the contact zone is constant and in the process undergoes a constant influence of the friction force, which leads to
a significant increase in the wear intensity.

The friction force in fig. 1. a will be determined as [8]:

Fy=P-f, 5)

where fis the friction coefficient, P is the normal force.

=

N
N

Fig. 1. Friction model: a — in the experiment (/ — rail sample, 2 - counter-sample), b — in the real contact wheel and rail
The friction force in fig. 2. a will be determined as [8]:
Fp=P-f", ©)

where f” is the traction coefficient; P’ is the normal force. The engine torque M,, creates the pair of forces F; and F> that
act on the force arm R equals to the radius of the wheel. These forces tend to rotate the wheel around its axis. To obtain
translational motion, an external force is required to apply to the driving wheels. This force is the horizontal reaction of
the rail F''r which caused by the action of the force F». The rail reaction force F 'y balanced the force F» and thereby
released the force F for the translational movement of the train.

Then we have to integrate the obtained dependence (2) from the experiment into the scheme of real contact of the
wheel with the rail.

As known from the literature that load has a nonlinear effect on wear intensity [8]:

[~ p"Pm @)

where 3 is coefficient, the =

il m is the fatigue curve exponent, for steel which has tensile ultimate strength
v+

ou= 800 MPa the m =8 [9]. v is the exponent of the material ratio curve (Abbot-Firestone curve). The material ratio
curve characterizes the distribution of the material along the height of the rough layer. It built based on the roughness
profile (fig. 2) [10]. Values of the material ratio curve v determined in the paper [11] depending on the surface
roughness of the rail.
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Fig. 2. The material ratio curve (Abbot-Firestone curve): € is a profile height; t, is a supporting length;
Rp is the distance from the line of protrusions to the midline (the line mi-m2); fm is the relative
supporting length of the profile along the midline (the line m1-m2); Rmax is the distance between the line
of protrusions and the line of recesses within the base length of the surface profile /; Zj is a row of
horizontal levels; AL; is a width of the protrusions at the level Z; under consideration

This dependence (7) is in good agreement with the large number of experimental data for various materials
including metals [12].

If the relationship between the friction coefficient and current load seems more complicated than in the previous
case, then it is necessary to combine in one complex the frictional characteristics and load. Then dependences (7) has
the next form [8]:

1+Bm-m

1~p '1?9 (8)

where 1/1s the friction load referred to the unit of the nominal contact area.
The friction force for model of friction in fig 1. a is equal:

Tr = Pexp. S ©)

where p,,, is the contact pressure in the experiment.
The friction load for model of friction in fig 1.5 is equal:
TT/" =pc.'f’a (10)

where p, is the contact pressure in the contact area rail-wheel.
The normal force P (fig. 1.a) in the experiment is equal P = 100 N.
The maximum contact pressure in the experiment:

P.EE v 1 ‘21
P =0.418 @ _ 0418100215000 _ ;37 5 Npa (11)
' b-R 10-20

Cnar = 30 where R is the radius of the counter-sample (Fig. 1.a); E.q is the equivalent
— modulus of elasticity of the contact surfaces, Ecqv= 215000 MPa; b - the width
. S of the sample (Fig. 3).
= ] According to Fig. 3 the contact area of the sample from the
‘é ' % tribological experiment is equal S, =b+¢p, =3.9-10=39 mm?
; . :
1“ Y/ | Q | The minimum contact pressure in the experiment:
. . min P 100
Fig. 3. Photo of a sample cut out of a rail exp. = =——=2.56 MPa. (12)
with the dimensions of the wear zone Ssamp, 9
. oo+ Poy 137.05+2.56
Then the average contact pressure is equal: pey, aver. = Pop * Pow__ =69.8 MPa .

2
For one kilometer of the path length of the counter-sample in the experiment, it performed the number of
revolutions, which equals:

texp.
N=—", (13)

exp.
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where fp 1is the time of the experiment, fop=1 h=7200s; 7 1is a period one revolution,

T= LI %90 =0.00204 min = 0.122 s ; Lexp. is the total path length of the counter sample, Leyp. = 3.6 km.
n
. 7200 1
Then the number of revolutions of the counter — sample: N = ————=16393.4 — .
0.122-3.6 km

It is possible to calculate half of the contact area using the Hertz problem of contacting a cylinder with a

plane [13]:
Conin = 0.798,/2-P.R(61 +92) , (14)

where R is the radius of the counter-sample, R = 20 mm; 6, and 0, is coefficients.

1—py
0, = s 15
=T 15)
1-13
0, = , 16
2= g, (16)

where p; and 1, is Poisson's Ratios rail and wheel, E; and E» is Young's Modulus rail and wheel.
The perimeter of the counter sample is L =2-n:R =2-3.14:20 = 125.6 mm.

We introduce the concept of the relative length of the contact zone to take into account the short-term contact,
which would be during the rolling of the counter-sample along the sample as in the real process of contact of the wheel
and rail. The relative length of the contact area during rolling

2c, .
Al =—1n 17
. (17)

The wear intensity is also proportional to the work of the friction forces. The contact area between the wheel and
the rail is larger than if the counter-sample rolled over the sample in the experiment. We consider this as a relative area:

AS = -, (18)
Sc.exp.
where S ,_,, is the contact area between the wheel and the rail; S, is the contact area in the experiment if the
counter-sample rolled over the sample, S, ., =2¢y;, -b=2-0.1473-10=2.95 mm? .
The final formula for calculating the rail wear intensity in real contact has form:
I-AS-AL-piPm ()"
g =——fe | L (19)
N'pexp.aver. f

The rail-wheel contact simulation performed in ANSYS Workbench. Static Structural analysis system used for
simulation the rail-wheel contact. Mechanical properties of the rail material introduced into the program. It shown in
table 1. SolidWorks program used to create 3D models of rail, wheel and wheel axis. These models imported into Ansys
program. The 3D rail model corresponds to the sizes and shape of the rail type R65 [14]. The 3D model of the wheel
corresponds to the sizes and shape (fig. 4), which lists in the standard [15]. Type of the rail-wheel contact selected as
friction with the friction coefficient of 0.11. Type of the wheel-axis contact selected as bonded. Model parts divided into
tetrahedral finite elements (fig. 5) with a decrease in the size of the elements in the contact zone of the wheel and rail.
The size of the elements in the contact zone reduced to 6 mm (side of the element). The force applied to the wheel axis
perpendicular to the rail surface and amounted to 85750 N (we accepted that the weight of a loaded train car is 70 tons).
The rail fixed in the model. The number of calculation steps was equal 1. Step end time was equal 0.001 s.

Table 1
Mechanical properties of the rail material
, . , . Tensile Ultimate Strength Tensile Yield Strength
Young's Modulus (MPa) Poisson's Ratio pt (MPa) (MPa)
215000 0,29 980 780
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Fig. 4. Dimensions and surface shape of the wheel tread surface
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It is necessary to know the amount of con-
tact pressure acting on the rail surface from the
wheel to determine the rail wear intensity. You
can see in fig. 6 and fig. 7 contact pressure calcu-
lation result. Normal pressure on tread surfaces of
the rail and wheel depends on the load of the
wheel on the rail, radiuses of tread surfaces,
properties of the interacting materials [16]. The
radius of the tread surface depends on the contact
area of the wheel and the rail. High contact stress-
ses result from an extremely small contact area.

0,000 0,050 0,100(rm)
]

0,025 0,073

Fig. 5. Model parts divided into tetrahedral Fig. 6. The contact pressure on the contact surface of the rail

finite elements

The area of contact of the wheel with the rail is in the form of an ellipsoid (fig. 8) with the dimensions of the
axles of the contact ellipse: j = 12.6 mm (the big axis); £ = 13.18 mm (the small axis). Then, in a simplified way, you

can calculate the contact area of the wheel with the rail as the area of the ellipse - S, ,_,, =7 é% .

k=714
X
=
L
b
Fig. 7. The distribution of the magnitude of the contact pressure on the Fig. 8. The area of contact of the wheel

contact surface of the rail

with the rail: @ — ellipsoid contact area;
b — contact ellipse of the contact ellipsoid
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The wear intensity value calculated in Ansys program using a subroutine which algorithm shown in fig. 9. b. The
calculation is made in one step load.

INPUT

Wheel and rail material properties and geometry No

boundary conditions, friction coefficient f; P, v, t,
V, ae, m, number of load cycles C

I

Creating the finite-element model of
the wheel-rail contact

Yes

v=0, V>0,
as=>0, m=0,
C=>0

Calculation of the wear
intensity for one load cycle

i OUTPUT e
The data you entered is = I-AS '4]);’}’{. (L)
; ) ! rai NP
Calculation of contact pressure incorrect (v, ¥, aa m, C) Pogme  \J )
distribution on the rail surface, pma ¢
l Calculation of the wear
I v 1, V,asm, | | intensity for a given
| | (e o number of load cycles C
l I cycles =Iraii-C
/ Results: I p / |

a b

Fig. 9. The algorithm for calculating the rail wear intensity in the ANSY'S program: a — the algorithm of the main program,
b — the algorithm of the subroutine for calculation the rail wear intensity

Known paper [17], which gives experimental results on the values of the rail wear intensity depending on rails
types and the amount of missed tonnage.

From this paper it is known that for R65 rails the average wear intensity from the amount of missed tonnage is
equal 0.12 mm / ml. tons. Calculation according to the above method using parameters that shown in table 2.

Table 2
Data to calculate the rail wear intensity
, C (number of load ,
I, mg/km [7] v[11] P''N m cycle) f f
3 1.63 85750 8 116618.075 0.15 0.11

In the calculations it was accepted that / = 3 mg/km (the average value from the tribological experiment [7]).
The calculated value of the intensity of the wear of the rail is 15 mg/ ml. tons for the number of load cycles C, which
corresponds to passed 1 million tons cargo. Then the linear wear intensity with taking into account the ellipsoidal
contact area (fig.8.a) is equal 0,176 mm / ml. tons. This value is close to the experimental data presented in the paper
(the average wear intensity for the R65 rail is equal 0.12 mm / ml. tons) [17].

Conclusion
1) The empirical dependence of the influence of the parameters (temperature ¢, grinding depth of cut a., grinding

wheel speed V).of the grinding rails process on their wear resistance obtained by analysing the results of the tribological
experiment given in [7]. The contact conditions of a rail sample with a counter-sample during a tribological experiment
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and in a real contact of a system rail-wheel are different. Therefore, the indicated dependence (2) is valid for predicting
the wear intensity of rail samples when performing an experiment on a friction machine.

2) The obtained empirical dependence modified to be able to determine the wear intensity of the rail under
conditions of real contact of the wheel-rail system. In the process of modification, the following differences of
tribological experiments on the friction machine M-22M from the actual conditions of the contact of the wheel-rail
system taken into account: different friction patterns, different contact pressure and different area of the contact spot of
the wheel with the rail.

3) A numerical model has created in the Ansys program, which allows us to determine the contact pressure from
the wheel-rail contact area and based on these data calculate the predicted value of the rail wear intensity depending on
the number of load cycles.

4) The simulation results compared with the experimental wear intensity of the R65 type rails, which given in
paper [17], but the grinding modes are not indicated there. The comparison shows the proximity of the obtained data
from modelling using the dependence (19) for calculating the rail wear intensity and the results in the paper [17].
However, the model requires further checks and improvements to improve the accuracy of calculating the predicted
wear intensity depending on the parameters of the grinding process.
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CtBOpeHHsI TPUOOJIOTiYHOT MO/IeJIi KOHTAKTHOI0 3HOIIYBAHHSI 3aJIi3HUYHHX
peioK 3aJ1e)KHO Bil mapaMeTpiB npouecy HLIi(pyBaHHA

M. L. Booup, 1O. I1. Bopoaiii, II. }O. IIpouenxo, E. Yabman, 5. Tanay, I1. JIlunoska

Ilpoonemamuxa. Cyuacni ymosu excniyamayii 3ani3HUYHO20 MPAHCHOPMY XAPAKMEPU3YIomvcsa 30i1bUWEHHAM NOMYHCHOCHEl
JIOKOMOMUBIB, WBUOKOCHell pYXy Noi30i8, 6aHMAICONIOUOMHOCII BA2OHIB, WO NPU3BOOUMb 00 30LNbUWEHH CUTOBUX GNIUBIE HA
3ani3Huuny Koaito. Excmpemanvhi ymosu excniyamayii npuzeo0smv 00 3011bUUEHH 3HOULYBAHHS | NOUKOOJCEHHS pelioK, 6i0
HAOIHOCMI SKUX 3aNedCums He MilbKu OGe3neKky pyxy, a U eKOHOMIUHI NOKasHuxu OisnorHocmi 3aniznuyi. [lInighyeannsam peiiok
BUKOHYIOMb BUOANICHHS 0eheKmHux wapie mamepiany 3 ix nogepxti. Taxum yunom 3a6e3neuyromvcsi HeOOXIOHI po3MIpu | MOYHICMb
Gopmu, a maxoorc AKicms nosepxHi peliok 6 npoyeci ix excniryamayii.

Mema oocnioxycenna. Pospobra mpubono2iunoi mooeni KOHMAKMHO20 3HOWYEAHHA PelioK nid uac ix eKCHnayamayii 3a1edxcHo 6io
napamempie npoyecy wnighyeanis (memnepamypa t, npuUnycKk Ha 0OPoOKy de, NHIIHA WEUOKICMb Wiighyeanvrozo kpyza V).
Memoouka peanizayii. JJocnioxcents 3HOUWYBAHHA A KOHMAKMHO20 NOWKOONCEHHSA NOBEPXOHb 3PA3KI6, 8UPI3aHUX i3 wiighosanux
petiox, nposoounucs Ha mawuni mepms M-22M. JlocniodcenHs: 30iCHIOBANUCS ULISXOM CYX020 Mepmsi 3pa3Ka (UpI3anull 3 petiku) i3
KOHMP3PA3KOM 3 MAmMepiany, wo 6UKOPUCTNOBYEMbCS NPU BUCOMOGIEHHI 3ANI3HUYHUX KONIC, npomseom 1 200unu npu ybomy wiiax
mepms cknadas — 3,60 km. 3pasku 36axcysanucey Ha eaeax BJIP-200 00 ma nicis 6UKOHAHHS OOCHIONCEHH HA MawuHi mepms. B
Dpe3ynbmami sl KOHCHO20 3pa3Ka 6Y0 6USHAUEHO 6eTUYUHY MACO6020 3HouwysanHs. B npoepami ANSYS cmeopena uucenvna mooens
01 MOOeNI08aHHs MeMOOOM CKIHYEHUX eleMeHmié KONMAKMY Koieca 3 peukolo Ol 6CMAHOBNEHHs PO3N0OiNY KOHMAKMHUX MUCKIE
ma GenuyuHU iHMeHCUSHOCII 3HOULYBAHHS PEKU.

Pesynomamu oocnioncenna. Ha ocnosi pesynvmamie mpubonociyHux 00CriodceHb Oyna OMPUMAHA eMNIPUYHA 3aTeHCHICMb
inmencueHocmi 3HOWY8AHHS 3pA3Ka peliku 6i0 napamempis npoyecy winigpysanus. OCKinbKu yMo8U KOHMAKMY 3pa3Ka peuku 3
KOHMP3PA3KOM Ni0 4ac mpubdonoSiuHUX OOCHIONCeHb MaA NPU PeanrbHOMY KOHMAKMI Kojleca 3 peuKow pisHi, OVI0 6UKOHAHO
npuseodeHHs. OMpUManoi eMnipudHoOL 3a1edICHOCHE 00 peanbHUX yMo8 KOHMAaKkmy Koneca 3 pelikoio. Mooeniosanns Konmakmy Koaeca
3 petikoro 8ukonyeanoce 6 npoepami ANSYS. 3aneaxcnocmi, wo naéedeni 6 pobomi, GUKOPUCTNOBYEATUCHL 8 NPOSPAMI OJisL OOUUCTICHHS
IHMEHCUBHOCTI 3HOULY8AHHS PEliKU 8IONOBIOHO 00 PO3NOJITY KOHMAKMHO20 MUCKY 8 KOHMAKMHIU 30HI KoJleca [ petiku.

Pezynomamu pobomu mooicyms 3uaumu npakmuyte 3ACMOCY8AHHA HA 3ANISHUYHOMY MPAHCNOPMI ONd NPOSHO3YEAHHS 6NIUGY
napamempie npoyecy winipy8anHsa Ha iHMEHCUBHICMb 3HOULYBAHHSL PEliKU.

Bucnoeku. Ha ocnogi excnepumenmanbHux OAnux, ompumanux 3 mpubonoeiunux excnepumenmie na mawiuni mepmsa M-22M i3
wiighosanumu 3pazkamu petiok, Oyia OMpUMAana 3anedCHiCmb 05l HAOIUNCEHO20 BUYHAYEHHS THMEHCUBHOC 3HOULY8AHMNS PeliKU 8
3anedxcHocmi 6i0 napamempie npoyecy wni)yeanHs (memnepamypa t, RPURYCK Ha oOPoOKY de, MHIUHA WEUOKICIb WAIQYEATbHO2O
Kpyea V). Po3pobnena mamemamuina mooens 0asi 00paxyHKy KOHMAKMHO20 MUCKY Md 6eIUUNHY THMEHCUBHOCTN 3HOULYBANHS PeliKU
6 3a1eICHOCI 610 KilbKOoCmi Yukie Haganmaoicents 6 npoepami ANSYS.

Knrouosi cnosa: winihysanisi petiok; iHmeHCUgHICIb 3HOULYBAHHS, NOBEPXHEEA MBEePIiCMb, MPUbOI02iUHT 61aCMUBOCII.

Co3nanne TpuOOJIOrNnYeCKOM MOJAEJN KOHTAKTHOIO U3HAIIUBAHUSA
7KeJIE3HOIOPOKHBIX PeibCOB B 3aBHCMMOCTH OT IIapaMeTPOB npouecca
Mg oBaHu
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Ilpoonemamuxa. Cogpemennvie YCio8uUs IKCHLYAMAYUU IHCENEZHOOOPOICHO2O MPAHCNOPMA XAPAKMEPUIVIOMCSL  YEeaudeHuem
MowHOCmell IOKOMOMUBOS, CKOPOCMeEU 08UNCEHUs N0e3008, 2PY30N00bEMHOCHU 8A20HO8, YMO HPUBOOUN K VEEIUYEHUIO CULOBbIX
6030€liCmEUll HA JHCeNe3HOOOPONCHBINL NYyMb. DKCMpeMaibhble YCI08US IKCHIYAMAyuu Npugoosam K YGeludeHur0 UsHoca u
N0BPENCOeHUs. PENbCO8, OM  HAOENHCHOCHU KOMOPLIX 3A6UCUM He MOAbKO 0Oe30nACHOCMb OBUIICEHUs, HO U IKOHOMUYECKUE
nokasamenu oesmenvHocmu Jiceae3nou dopou. Llnughosxoil penvcos svinoansiom yoanenue 0eeKmHuulx Cl0e6 Mamepuaid ¢ ux
nogepxnocmu. Takum obpazom obecneyugaiomest HeOOX0OUMble pasmMepbl U MOYHOCHb QOPMbL, d MAKICE KAYeCmBO NOGEPXHOCMU
PenbCcog 8 npoyecce ux IKCHLYAmayuu.

ILlenv uccnedosanusn. Paspabomka mpubonocuueckoi. mooenu KOHMAKMHO2O0 U3HOCA PelbCO8 8 Npoyecce ux IKCIYamayuu 6
3A6UCUMOCIU OM  NAPAMEmpPO8 npoyecca waugosanus (memnepamypa t, NPunyck Ha o06pPabOMKY de, JUHENHAsl CKOPOCHIb
waughosanvroco kpyea V).

Memoouka peanuzayuu. Hccnedosanue u3HOCA U KOHMAKMHO20 NOBPENCOEHUsT NOBEPXHOCMEU 00paA3y08, 6bIPE3AHHbIX U3
WAUGDOBAHHBIX PENbCO8, NPOBOOUNUCH Ha MawiuHe mpeHus M-22M. Hccredosanus ocyuecmeisinucy nymem cyxo2o mpeHus oopasya
(8blpes3annblil U3 peabea) ¢ KOHmMpoOpasyoM U3 Mamepuand, UCHOAL3YEMO20 NPU U320MOBNEHUU IHCENEe3HOOOPOICHBIX KOEC, 8
meuenue 1 uaca npu smom nymo mpenusi cocmasisin — 3,60 km. Obpasyvl e36euusanucy na secax BJIP-200 00 u nocie svinonnenus
uccneo0osanuss Ha mawiune mpenus. B pesynbmame ons kasicooco o6paszya 6biio onpedeneHo GeiUHUHY MAccogozo usHocd. B
npoepamme ANSYS cozoana uucnennas mooenv 0iisi MOOEIUPOBAHUS MEMOOOM KOHEUHbIX IIEMEHINO06 KOHMAKMA KONeCd ¢ PelbCoM
0151 YCMAHOBIeHUsL PACAPeOeleHUs. KOHMAKMHbIX 0AGIeHUL U GeUYUHbI UHMEHCUBHOCMU USHOCA PebCd.

Pesynomamut  uccnedosanus. Ha ocnose pesynomamos mpubonocuueckux ucciedo8anutl 0Oblid NONYHeHd IMAUPUYECKAs]
3A6UCUMOCTIL UHMEHCUBHOCMU UBHOCA 00pa3ya pebca om napamempos npoyecca wiaugosanus. IIockonbKy yciosus KOHmMaKma
obpasya peibca ¢ KOHMpoOOPA3yoM 8 npoyecce MpuboIOSUYeCKUX UCCIeO06AHUT U NPU PeaibHOM KOHMAKME KOAecd C PeibCoM
pasHvle, ObLIO 6LINOIHEHO NPUBEOEHUE NONYHUEHHOU IMAUPUYECKOU 3A6UCUMOCTIU K PEeanbHbIM YCI08UAM KOHMAKMA Koieca ¢
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penvcom. Mooenupoganue KOHmMaxma Koaeca ¢ penbcom blnonnanoch 6 npoepamme ANSYS. 3asucumocmu, npugedennvie 6 pabome,
UCNONIL30BANIUCH 8 NPOPAMMe O/ BbIYUCTIEHUS UHIMEHCUBHOCU USHOCA PelbCd 6 COOMBEMCMBUU C paACnpedeieHueM KOHMAKMHO20
0agnenus 8 KOHMAKMHOU 30He Koleca U penvea.

Pesynomamer pabomer mozym uaumu npakmuyeckoe npumeHeHue Ha JHCeae3HOO0O0POICHOM MPAHCNOpme Ol NPOSHO3UPOBAHUS
GIUAHUSL NAPAMEMPOB NPOYECcCa WAUPOBAHUA HA UHMEHCUBHOCb U3HOCA PelbCd.

Bui160o0wt. Ha ocrose sxcnepumeHmanbuix OaHHbIX, NOLYHEHHBIX ¢ MPUOON02UHeCKUX IKCnepumenmos na mawune mpenus M-22M ¢
WAUPOBAHHBIMU 0OPAZYAMU PENbCOB, ObLIA NOIYYEHA 3A8UCUMOCHb OIS NPUOIUNCEHHO20 ONpedeieHus UHMEHCUSHOCTU USHOCA
penvea 6 3a8UCUMOCIU O NAPAMEMpos8 npoyecca wWaugosanus (memnepamypa t, npURYcK Ha 00pabomKy de, TUHEHAS CKOPOCHb
wnugosanvrozo kpyea V) . Paspabomana mamemamuueckas mooleiv 045 paciema KOHMAKMHO20 Od6leHUs U Belututbl
UHMEHCUBHOCIU USHOCA PeNbCd 8 3A8UCUMOCTIU OM KOIUYeCmea Yyukioe Hazpysku 6 npozpamme ANSYS.

Knioueevie cnosa: wunugosanue penvcog; UHMEHCUBHOCMb USHAWUBAHUSA, NOBEPXHOCMHAA MBEPOOCHb, MpubosocuiecKue
cgolicmaa.
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