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Summary. The paper describes a smulation model of the
motion of an abrasive material, the implementation of which is
developed to the special modeling agorithm. The model
alows to predict the effect of the parameters of jet-abrasive
two-phase flow on the distribution of abrasive particles on the
surface of the rail for certain time, when starting and on the
move. The author's computer program for the implementation
of the simulation model is devel oped.
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INTRODUCTION

Currently the problem connected with
the appearance of wheel pairs of locomotives
dipping and skidding is not solved
sufficiently. Slipping and skidding take place
when traction or braking force applied to the
wheel from the side of the locomotive exceed
cohesion force between wheel and the rail and
so they are directly related to traffic safety.

Therefore, the man task when
conducting the locomotive is to avoid an
opportunity of appearance and increase the
process of dipping or skidding through the
realization of a consistently high value of
cohesion coefficient of wheel and rail.

ANALY SIS OF RECENT STUDIES
AND PUBLICATIONS

In works [4, 11, 13, 17] analysis of
researches of methods for increasing and

stabilizing the friction interaction of
locomotive wheels with the rails is considered.
It is known that many of them give an
opportunity  to  significantly  increase
implemented coefficient of cohesion. For
example, the positive effect is provided by
chemical methods of cleaning the surfaces of
rails, electric arc, plasma, laser cleaning,
applying in a zone of contact of wheels and
rails particles of solids and others. However,
the application of most of these methods
entails significant difficulties in the operation
and might cause unwanted side effects, are
uneconomic, etc. Definition of the most
effective methods for increasing the cohesion
of the wheels with the rails in operation is
performed by the method of expert
estimations, where it is necessary to involve
knowledge, intuition, and experience of many
competent and highly qualified professionals-
experts[7, 11, 22].

Analysis of the results of the expert
survey had showed that the most effective is
the method of increasing the friction between
wheel and rail is impact of two-phase jet-
abrasive flow [3, 8, 14, 19]. In this case,
abrasive material (sand) under the action of
compressed air is directed on the surface of
rail, affecting wheel-rail friction contact status,
which is specifically:
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e removing surface dirt,

e formation of surface roughness,
which, depending on the mode of influence
can provide a dgignificant increase in the
coefficient of cohesion,

e proper filing of sand in contact of
wheel and rail.

In the works [9, 23] it is shown that, in
terms of traction, the best result is achieved
when applying sand in one layer with some
distance between the grains (0.06 kg/m?).

OBJECTIVES

Study of the process of movement of
abrasive particles from the nozzle with
consideration of various factors because of the
high complexity of the retrieval and analysis
of results in the implementation of the bench
and field experiments, so the purpose of this
work is to create a simulation model
describing the influence process of the motion
of particles on the dynamics of the distribution
of the width of the rail head for certain time.

THE RESEARCH RESULTS

Created simulation model is based on the
use of algorithmic models implemented on a
personal computer, to study the process of the
movement of abrasive particles. For realization
of the method a special modeling agorithm
was developed and a block scheme of it is
presented in Fig.l. In accordance with it
programmatically  generated  information
describing the elementary processes of the
system taking into account interrelations and
mutual influences. The modeling algorithm
was built in accordance with the logical
structure of the system and with maintain the
consistency of the proceeding processes and
displaying the main states of the system.

The main stages of the developed model
are:

1. Modeling the input and external
influences.

2. Reproduction of the work of the
modeled process (modeling algorithm).

3. Processing the simulation results and
their interpretation.

Generuting of particles
(coordinates are in a section, on speed, at times,
in size of faction)

1 |

Calculation of forces operating on every particle
(force of acrodynamic resistance, gravity, force of
Safiman, force of Magnus )

Calculation of acceleration of
particles

1 ]

Caleulation of speed of
particle

1 ]

Calculation of coordinates of
partic les

t;=1t+ At

Determination of types of interaction with surfaces
(hit or missed the rail, on the wheel,

in contact with the rail wheels)

ti<ty

Fig. 1. Simulation model algorithm block scheme

The system may contain elements of
continuous and discrete steps, be influenced by
many random factors (a side wind, air eddies
in the area of contact, etc), so the use of the
developed simulation model alows to
investigate dynamics of functioning of the
process over time. The model alows you to
easily change the values of parameters of the
process and itsinitial conditions.

Simulation results are an important factor
for decison-making when checking for new
ideas, as it allows to investigate the large
number of alternatives (options), considering
different scenarios for any input. It allows to
make predictions when discussing the future
system or the studied processes in those cases
when in reality it might lead to economic costs
[17, 18, 21].

As this method of smulation is
numerical, results obtained on completion of
the ssimulation, correspond to the fixed values
of parameters of the investigated process and
its initial conditions. For the analysis of the
developed method you need to repeatedly
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simulate the process of its functioning, varying
the input data entering, so you can get the
statistics of the results, which then can be
approximated.  Implementation of the
developed model was made on a personal
computer with high performance.

In the basis of the developed simulation
model is the method of particles (discrete-
cell), involving the calculation of provisions
and the relevant parameters for each
simulation particles at different points in time,
and also an important feature of this method is
the possibility of accounting for the effects of
a large number of diverse factors. This allows
you to get detailed space and time considering
picture of the distribution of the particle flow
on the surface. Model of the motion of two-
phase flow describes the motion of particles,
taking into account collisions of the particles
in the flow and their reflection from the
surface of rails and wheels. Performing
numerical simulation of the motion of particle,
Size distribution, speed, time, and their spatial
location in the cross section of the nozzle
(coordinates of each particle), at the initial
moment of time is determined by the terms of
the problem as well as the technological
parameters of the feeding device. Each particle
simulation is set in accordance with one real
particle number is a numerical experiment
determined on the basis of the volume
concentration of the flow specified in the
initial conditions. Particles are modeled as
hard balls with given density.

When describing two-phase flow (solid
abrasive particles in the air stream) discrete-
path based approach (Euler-Lagrange) is used.
Thisisjustified by the choice of the method of
particles to create the model and the fact that
this approach is used for simulation of two-
phase flows with solid phase. Thus for the
particles Lagrange method is used, and for the
air phase it's Euler method [1, 10, 30]. For
visua illustrations of opportunities of use of
the Lagrangian trajectory method for studying
the behavior of solid particles in turbulent
streams of air [26, 27, 28] works can be
considered.

The calculation scheme of the model of
the motion of particles and particles

parameters scheme at the exit of the nozzle is
presented on Fig. 2, 3.

Let's consider the motion of particles
through a pipeline under the influence of
carrier air flow.

The distribution of particle size has been
studied in metrological laboratory of PAO
«Luganskteplovoz» on a universal measuring
microscope UIM-21 (Fig. 4). For the research
the abrasive material (sand moulding) is used
according to GOST 2138-91 and images of it
are presented on Fig. 5. The sand creates the
best cohesion conditions of locomotive wheels
with the rails as a result of homogeneity of
particle sizes (0.2-0.5 mm), the largest quartz
content (not less than 75%) and the minimum
content of harmful, especialy clay (not more
than 3%), impurities and inclusions.

More clearly the geometrical form of the
investigated abrasive particles can be seen and
their sizes determined, using a microscope
MPB-3 (Fig. 6).

The plot of the distribution density of
values of the diameter of abrasive particles R

isshownin Fig. 7.

Studied particles have clearly expressed
a crystalline structure, and are rather close to
spherical  in  shape. According to the
classification proposed Murdasov A.V. in his
works [15, 20], studied abrasive particles by
type of form can be taken an isometric.

At the beginning of the modeling
particles are generated according to the law of
uniform distribution (from the theory of
probability): coordinates in the cross section of
the nozzle, speed, diameter and time.

Uniform distribution in the numerical
line interval [a, b], a<b, is a probability
distributions, having a density:

xe[ a,b],

1)

1
p(x)=1b-a’
0, xg[ab].

Distribution function is determined by
formula:

F(x)= S, a<x<hb, (2

1, x> b.
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Fig. 2. Calculation scheme of particle movement modeling
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Fig. 3. Particles parameters scheme at the exit of the
nozzle

Fig. 5. Picture of abrasive material taken with UIM-21
microscope

Fig. 6. Picture of abrasive material taken with MPB-3
microscope

And characteristics function respectively is:

_ 1 v e
(o(t)_it(b—a)(e er). ©)

After an output from the nozzle the
particles are influented by speed field of the
carrier-phase, consisting of several air flows
(Fig. 2): air stream from the nozzle V(L,r),
locomotive movement conditioned air flow
V.o« and wind conditioned air flow of arbitrary
speed and direction v, .

Thus, the motion of the particles of sand
from the nozzle to the contact surfaces of

wheel and rail are exposed to the air flow with
the speed of:

Vn =\7(L-r)+\731'r _\7Iok ’ (4)

where: L isthe distance from the nozzle
exit,

r is distance from the central axis of the
nozzle.

We shall consider v,, and V,, have a

uniform distribution of speeds and these speed
and direction of flow are known. The
orientation of vector V(L,r) depends on the

orientation of the nozzle on therail.

Immediately after the release of particles
from the nozzle the process of expansion jets
cross-section begins. It takes place because of
influence of waves of depression, which
penetrate the volume of jet and move particles,
that are no more limited by walls of nozzle, its
radius to the external border.
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Fig. 7. The plot of the distribution density of values of the diameter of abrasive particles

For the description of the jet speed field
as the distance from the nozzle use the
dependence obtained in [31] when modeling of
two-phase turbulent jet with solid particles:

2
V(Lr)=V,| 1-3sL " LI R v , (5
ST 2dgp, R, +LtgpB

where: Vv, is initial axial flow speed at
the nozzle exit, ¢ is particle form depending
coefficient, p,, isair density, L isthe distance
from the nozzle exit, d, isthe mathematical
expectation of the diameters of spherical
particles,

p, IS abrasive density, r, is constructive
nozzleradius, g isflow angle.

Equation of motion of a single solid
particlesin aturbulent gasflow is:

-
PTG TR, (6)

where: d, isdiameter of i sand particle,
V, is speed of i-ii particle, FX(r,t) are

externa forces influenting the particle, r, is

particle coordinate, t istime.

Primary structural factors affecting the
movement of particles in the flow of the
carrier-phase  are: gravity, the force of
aerodynamic  resistance, Safman force,
Magnus force, turboforez force (due to the
pressure gradient), the thermoforez force and
interaction between the particles.

In the pipeline on a grain of sand force of
aerodynamic resistance F, (Fig. 8) takes
action, cause of which is the difference in air
velocity U and speed of a particle that moves
in v (Fig. 9). The action of the aerodynamic
resistance force leads to the acceleration of
particles, if U >V and, on the contrary, to the

slowdown in the case when U <V . Formula of
aerodynamic force has the following form:

(7)

where: C, is aerodynamic resistance
coefficient of particles, o isthe density of the
gas, U isgas speed projection.
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I :.4

Fig. 8. Scheme of motion of a particle under the action
of the aerodynamic resistance force

Along with the aerodynamic resistance
force F, gravity force F, actson the particle,

which is one of the most important power of
the factors determining the dynamics of the
particles. Influence of gravity on the
movement of particles will be significant and
its accounting is needed.

An expression for the force of gravity
has the following form:

Fg:pp_pg- (8)

The heterogeneity of the profile of the
averaged speed of carrying flow of air causes
the action of the Safman force on a particle
Fs, the difference in relative velocities of the
flow of the particles with different parties
leads to the differential pressure. The motion
of particles is performed in the direction of
low pressure (Fig. 9) [28]. The Safman force
acting on a particle moving in a stream with a
linear profile speed is determined by the
following formula:

/2
Fe =ksv¥2pd3(U, -V, ) du, )
ST NS P p X X dr . (9)

In case when U,/(vdu,/dr)"?<<1,
coefficient valueis kg =161 [30],

v is coefficient of kinematic viscosity.

Safman forces can have a significant
impact on the movement of particles as they
move in the near-wall region, where there are
large gradients of the averaged speed of air
carrier.

Fig. 9. Scheme of transverse particle motion in a
nonuniform flow under the action of Safman forces

During movement in the gas flow
particles of complex shape (non-spherical)
always revolve. With regard to the spherical
particles, they will also rotate in the flow of
heterogeneous profile speed. Spinning particle
entrains air. As a result, on the side where the
direction of the flow and rotational elements of
the gas are the same, the pressure becomes low
in comparison with the area where these
directions are opposite. Thus, the particle will
move towards the low pressure (Fig. 10). The
magnitude of the force acting on a particle at
its rotation is described by the Magnus force

Fu [2, 24]:
(10)

B} d Vo
Fu :kMp{é)j QNX‘?’D)’

where: k,, (Re)— factor, variable

depending on the Reynolds number,
W - the constrain speed of the flow,
@, - speed of rotation of the particles.

Fig. 10. Scheme of migration of a rotating particle
under the action of Magnus force

Analysis of the influence of Magnus
force on motion of particles held in [29]. It is
shown that the Magnus force is amost always
then Safman force. However, the neglect of
transverse displacement of particles due to the
actions of the Magnus force in high-speed
flows, which are implementing large speed
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gradients of gas and, consequently, higher
speed of rotation of particles, isillegal.

When departing from the nozzle on the
particle there are the force of aerodynamic
resistance from possible side winds F,, and

the force of air resistance from the movement
of the locomotive Fj,.

Reason of occurrence of thermoforez
force is the heterogeneity of the temperature
profile of the carrier gas. In view of the fact
that in the present case, the temperature
gradients are small, thermoforez force is not
taken into account.

In [12] it's shown, when the supply of
sand of locomotive sand system (1 g/l) already
in the initial section of a jet in solid phase
particles are moving segmentaly not
influencing each other. At a distance of 40 mm
from the outlet section of the nozzle
concentration of the flow decreases so that the
free air space is more than 12 times the size of
the particles and their probability of collision
during the movement of the rail surface (or
wheel) does not exceed 1%. Given this fact,
the interaction between the particles can be
neglected.

Turboforez force occurs because of the
heterogeneous pulsing speed profile of carrier
gas. In this work the turboforez force is
ignored.

The agorithm of operation of the
simulation model of the motion of abrasive
material  from the nozzle to the contact
surfaces of wheel and rall (Fig. 1) is the
following sequence of actions.

1. According to the given consumption
of sand Q, and the mathematical expectation
of the size of abrasive particles (Fig. 7) is
determined by the performance of the sand
system (the number of particles in a unit of
time). Then, using the model of a Poisson
stream, each particle is assigned to the time of
appearance t; inthe 0 ...t interval. In addition,

each particle of the randomly settings:
—the starting point coordinates (y,, z)

in the nozzle section (Fig. 2, 3),

—gspeed of movement on exit from the
nozzle in the range V,=V,+4v, T1Ie
AV =0.05-V,,

— speed orientation V; ,

—angle -r/r. to the flow axis,

—the size of particles in accordance with
the distribution presented in Fig. 7.

2. At each step of integration, on the
generated sequence of appearance of particles,
the need to include in the calculation of
particle condition t>t, where t is current

time, is checked. If the condition t>t is

executed, the particle is included in the list of
the particlesin flight.

3. For each particle in flight, determined
by the forces acting on a particle (right part of
the equation 6). Using the Verle agorithm,
according to which the calculation of the
position of the particle is on its previous
r(t—4t) and current F(t+4t) coordinate takes

place. Given that the first derivative by timeis
speed v(t), and the second is acceleration
a(t), numerical integration of the equations of
motion (6) can be written as:

F(t+A4t) = r*(t)+\7(t)m+la(t)m2 +
2 (11)

+%6(t)At3+O(At4),

F(t—At)= r(t)—V(t)AHia(t)Atz +
. ? (12)
—EB(t)Ats +0O(4t*),

where: t istime, 4t isstep of integration
of time, r(t) is the position of a particle at
time t, v(t) is particle speed, &t) particle
acceleration.

Adding these two equations and
expressing f(t+4t), we have the following:

F(t+4t)=2F(t)-F(t—at)+a(t)at® +o(4t*). (13)

As we integrate the equations of Newton,
acceleration of particles are easily expressed
through the force, which in its turn is a
function of position 7(t):
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a0 Fr) 1

P = VU, (F(1)), (14)

where: m is particle mass, U, particle

potential energy.

The expression for the speed can be
obtained by subtracting equation (12) from
equation (11):

V(t):%At[ F(t+4t)—F(t—4t)] +O(4t?). (15)

As a result, the new vaues are
determined by accelerations, velocities and
coordinates of the particles.

4. Usng the new coordinates of the
particles, a check is performed for the interaction
of particles with the surface of rall and wheds.
There are severd variants of interaction:

» paticle moves in the direction of the
rall surface. In this case, there is no additiond
action,

» particle has reached the surface. In this
case, you define the parameters for the interaction
of particles with the surface (the particle speed at
the moment of impact, angle of attack, the
coordinates of the point on the surface, the speed
with which the particle is reflected from the
surface). Information about the interaction entered
the statistics of particle interaction with asurface,

e 1
Rl o]

> paticle got into the contact area
between the whedl and rail. Information about the
paid statistics particles caught in contact, and the
particle is excluded from further consideration,

» paticle crossed the boundaries of the
space, which may be a collison with the surface
of rail or whedls. Particle is excluded from further
consderation.

5. If calculation time did not exceeded
t,, the calculation continues from the second
paragraph of this algorithm.

6. After completion of settlements
processing of statistics information about the
interactions of particles with the surface of
particles, trapped in awheel-rail contact.

For modeling of the systemon aPC as a
computer program, modeling algorithm was
recorded on the input universal agorithmic
language C++ in the Borland C++ Builder 6.0
environement [5].In the program interface
window (Fig. 11) input of the initial data for
modeling is held.

Developed program the first time, the
Using for a series of calculations for the
purpose of selection of the parameters of filing
of an abrasive materia, providing the
necessary modes of interaction of particles
with the surface of the sand. Results of
modeling are presented on Fig. 12-15.

b Direction, d: Label22
ARl TR
?% Speed of wind. m's w _ Labell
EF-Thg .
P .:j' . Spray angle. dg ¥ = Lahel2
MIN diameter of sand. m > Label3
MATX diameter of sand. m
Middle diameter of sand. m Wiz Labelt
Density sand, kg/m3 M el
Flow of sand. kg/min Vz= Labelé
Speed on an exit, m's l_ Fa= Label?
Rejection of speeds, m's Fu=" Labeld
Diameter of nozzle. m Fz= Labeld
Time of integration, s ’_
. . Forces
Speed locomotive, m's
i - v Aerodvnamic resistance
ime of account, s i
. 2 i ¥ Safman
Air density, kg/m3 bt nes
Viscidity of air, m2/s
Position of nozzle 7, m < 3
tepwise
Inclination of nozzle, dg ;
’7 Clean
Position of nozzle ¥, m g
Turn of nozzle, dg Assume profile |
,I' +| Distance from a nozzle to the wheel m ‘ o |
Possible distance from a rail. m - X

Statistics |

Fig. 11. The interface of the simulation model implemented in the form of a computer program
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Fig. 12. Distribution of particles on the surface of rail from the different anglesof filing

N
100000 .—Tiil
_i}g*.-:?ii

80000 ;,’ u !\{

60000 x !
d }}ffT+$f
2

A<
pdun

40000 'r ** i
Pl e e !
20000 t : *J_—-_"-ﬁ--l--t-'l"r""t-ﬁ_ﬁéit {

" g Y )
0 - T T — m s am m
1 23 4 5 6 7 8 9 1011 1213 14 1516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

B5m/s e ]10mys +15m/s A20m/s

Fig. 13. Distribution of particles on the surface of therail at various locomotive speeds (the flow speed is 10 n/s)



70 NICHOLAY GORBUNOV, MAKSIM KOVTANETS, ROSTISLAV DEMIN

N
35000 o -y
B I ] _=__!.
AT
30000 -_;,I!_=_J_L_|_+l‘
j‘{ 1,1
25000
"
i
20000 i
L ]
®e ..l.... °
Ll
15000 " i ; i‘g!!_s___' . ?":_.
®
. ’{o . L
Y d b + 2
10000 o?g j_Ja-"f ol 35?
*51;&*1* T
5000 cab et
¥ ey
0 -+ ——— —— Rl
123456 7 8 910111213 1415 16 17 18 10 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

B5nvs e10m/s ¢ 15m/'s A 20m's

Fig. 14. Digtribution of particles on the surface of therail at various locomotive speeds (the flow speed is 30 n/s)

N
mE
—“
20000 1 N
StLHA
| . u n
15000
i-:..._;{ ®
10000 *
MMty
. °
ML
5000 Tf?-ﬁ?
0 -+ T HilkiH

1234567 89101112131415161718192021222324252627282930313233534353637383940

ESnvs o 10n/s & 15nvs 4 20mys

Fig. 15. Distribution of particles on the surface of therail at various locomotive speeds (the flow speed is 50 m/s)



SIMULATION MODEL OF ABRASIVE MATERIAL MOTION 71

CONCLUSIONS

1. Modeling based on the first time
developed simulation model of the motion of
an abrasive materia allows to predict the
effect of the parameters of jet-abrasive two-
phase flow on the distribution of abrasive
particles on the surface of the rail for certain
time, when starting and on the move.

2. The smulation results allow to adjust
the parameters of the system of jet-abrasive
influence on the formation of the surface layer
of the rail and put up the dependence of the
performance of this system on the speed of
motion of alocomotive.
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NMHNTALIMOHHA I MOAEJIb ABUXXEHMA
ABPA3VIBHOI'O MATEPHUAJIA

Huxkonaii I'opoynos, Maxcum Kosmaney,
Pocmucnas /[émun

AHHOTaUHuA. B pabore paccMaTpuBaeTcs
UMHTallMOHHAas  MOJAENb  JBIDKCHHS  aOpa3UBHOTO
MaTeprana, peann3anys KOTOPOH BBIIOJIHSETCS TI0
pa3paboTaHHOMY  CIICLHAIBHOMY  MOJEIHUPYIOLIEMY
anroput™My. Mojens TO03BOJIAET CHPOTHO3UPOBATH
BIIUSIHHE napaMeTpoB CTPYHHO-a0pa3uBHOTO
IByx(a3HOro MOTOKa Ha pacrpefeieHHe aOpasuBHBIX
YacTHIl II0 MCCIEAyeMOH TIOBEPXHOCTH peNlbca B
TEYEHUE ONPEACICHHOTO BpPEMEHH, IpPU TPOTAaHUU U
JBIKEHUH CO CKOpOCTblO. Pa3paboTaHo aBTOpCKyro
KOMIIBIOTEPHYIO IPOrpaMMy Ui pealnu3alud JaHHOHI
MMUTALUOHHON MOJIEIH.

KnioueBrie cimoBa: aByxda3HbIi MOTOK, a0pa3uBHBIN
MaTeprall, IMUTAIlMOHHAsI MOJIETb.



