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ESTIMATED MATHEMATICAL MODEL OF CRACKSIN MAGNETIC
INSPECTION OF RAILROAD RAILS

A model of crack was developed to provide posiilftr magnetic field over the defect,
and signal that will be inducted in the searchirayl depending on its parameters, spatial
orientation and height above rail head to be caltedtl. This allows to analyze the shape
of the signals and the ratios between their amgéti for all three components
of the magnetic field caused by crack dependingt®rshape and location in the rail
and to predict signals in multichannel systemsadfftaw detection.

MODEL MATEMATYCZNY DO WYZNACZANIA PEKNIECIA SZYN
KOLEJOWYCH W DEFEKTOSKOPII MAGNETYCZNEJ

Opracowano modelgkniecia, dla ktérego wyznaczono pole magnetyczne niakigen
(peknieciem), oraz sygnat, ktéry uzyskujee siv poszukujcej go cewce pomiarowej
w zalenasci od jej parametrow, przestrzennej orientacji isekaci nad gtéwl szyny.
Pozwala to analizowaprzebiegi sygnatow i wspotzatesci miedzy ich amplitudami dla
wszystkich trzech sktadowych pola magnetycznefnigoia w zalénasci od jego formy
i rozktadu w gtéwce szyny, a tekprognozowé sygnaly w wielokanatowych systemach
defektoskopii szyn.

1. INTRODUCTION

Diagnosis of technical condition of facilities enssl their safe operation and timely
detection of defects. This is especially true ia thagnosis of objects, whose defects can
cause considerable material losses or casualteseTobjects include railroad rails. Timely
detection of defective rails can take measuresréognt rail break under the train, which
increases safety and economic efficiency of raih$port in general.
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Currently, ultrasonic and magnetic flaw detectore aised for high-speed rails
diagnostic, which complement each other. In padicumagnetic flaw detectors has better
performance for detecting transverse crack, whickspecially dangerous because it can
cause rails fracture under a moving train [1].

Increased intensity of train traffic and increaseshuirements for safety raises
a question of automating the collection and prdogssf diagnostic information, since at
present the reliability of defects detection depend the experience of the person, who
operates a system of diagnosis [1]. PerspectitBeisise of three-component sensors and
multichannel systems which significantly increaghe amount of information to be
processed [2-4]. The aim of developing new systesheuld not be the complete
elimination of operator in making decision aboufedé presence. Instead, using modern
methods of collecting and processing of diagndsfarmation system should facilitate the
operator work to take objective decisions on eamdpigious signal. It is very important to
develop algorithms for distinguishing signals frorarious types of defects and other
related signals which are not caused by defects.

It is known that in magnetic flaw detection systeamplitude and waveform of the
defect depends on the rail characteristics, mazpt@in system parameters, speed, sensor
parameters, area of the defect plane, its opemidglapth. Also, this signal will depend on
the angle of the plane of the defect and its desgteent relative to the rails axis and flatness
of defect walls. Besides defects can form grougschvalso affects the signal. All these
factors cause a large number of waveforms from aief§s] and complicate the work
of detection and distinction.

The works are performed to establish systems ayatitims for automated detection of
defects [2-4] can be effective only if they willveathe greatest possible number of variants
of signals from the defect. Some data on the wawefeaused by the longitudinal
component of magnetic field above the defect izidesd in [5, 8]. However, information
on the waveform from the other two orthogonal comgs of the field as well as the
signals in a multi-channel sensor is not enough.

Obtaining such a large number of signals experiaiBntrequires a lot of time
and financial costs. Therefore, it is an actuak tas create mathematical model of the
defect, which would allow calculating the amplitualed shape of the signal depending on
the geometrical parameters of the defect, its jpwsih the rail head and the type of applied
sensor.

2. ARGUMENTATION OF MATHEMATICAL MODEL OF CRACKS

To determine the waveform that occurs in the séagckensors the magnetic field
scattering from the defect must be determined.fifhere are many mathematical models
describing this field. In the simplest case ofeddfidefect can be described as a field of two-
wire line distance between the conductors of widolresponds to a height defect [6].
However, this model can not consider, for examgisplacement of the defect relative to
the rails axis.

In other works a field of a pair of magnetic chage magnetic moment is used for the
description of the crack [7]. In [8], for exampke combination of the two charges is uses.
This model is a two-dimensional, it suppose that diefect is transverse and distributed
throughout the width of the head rail.
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To solve the task the best approach is a threerdiimeal model. Then by the known
distribution of magnetic charges on the walls oé tthefect we can calculate all the
components of the field depending on the kind afteasyn geometrical parameters of the
defect and form a signal that the occurs in thechéag sensors.

The model described in [5] was used for the bd3efect is represented as a small
internal region in the rail filled with material thi relative magnetic permeabilifys, which
is considerably less than the permeability of thetemal p, of the rails, resulting in the
magnetization of the material, Which fills this area is much smaller than magraion J
of rest areas of the rail. The part of the magaéitn vectors in the rail body are
interrupted at the border of area with magnetiangability u, and begin again at another
border in area with the same permeability Each end of magnetization lines acts
as a positive magnetic charge, and each beginrasg-negative [5].

However, the magnetization is more convenient outate using absolute magnetic
permeability of environments where the magnetiddfipropagates. Then magnetizing
system of the flaw-wagon, rail and defect or sedefects can be represented as a magnetic
circuit, and integrated Ohm's law for magnetic wirccan be used to determine the
parameters of field. As a result, the expressiowhbith you can determine the magnetic
flux in this circuit will have the following formd]:

_owi w
CD_ZRmk_Z L , @
Ho Oy L5

where: w — number of turns of coils of magnetizaygtem;
| — current in the coils of magnetizing system;
Rk — magnetic resistance of the k-th magnetic segction
L — length of the k-th magnetic section;
1o — absolute magnetic permeability of free spaael@’ H/m);
W — relative magnetic permeability of k-th magneéction;
S — area of the k-th magnetic section.

This magnetic flux field in defect areby, which occupies only part of the rail head
crosscut, can be determined taking into account ittiimence of parallel magnetic
resistance of defectless part of rail crosscut.area

As a result, each elementary ae@ of defect wall can be considered a point source
of magnetic field with magnetic flug,, such that the condition

N
Oy =) O, 2)
=1

where: N - number of elementary areas, which ditidedefect wall.

Induction of each such source, on spherical surfdaadius r can be calculated using
the expression [9]:
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B, =®,/4mw?, 3)

and then using superposition it is possible to rdeitee all components of the magnetic
field of the defect and the corresponding sigriadé are in search sensor.

Fig. 1 shows magnetizing system of flaw detectothvihe sensor, which is located
on inductor cart.
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Fig. 1. Magnetizing system of flaw detector with sensor

Closed solid line arrow shows the main magnetix flarough the rail investigated.
Dotted lines show other magnetic flux stimulatedhwhnagnetizing system. For example,
scattering flow through the air between the polearoelectromagnet, and flows through
the rail, wheels and chassis of inductor cart. Aiven value of magnetomotive force I-w
these magnetic flux will make lower the absolutiugeof the magnetic field of the defect,
but their influence on the shape of the signal ftbendefect can be ignored. As a result, the
magnetizing system flaw detector wagon with theadiife rail under study is presented
in the form as shown in Fig. 2.
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Fig. 2. Magnetizing system of flaw detector with thil under study

The system consists of two magnetizing coils with humber of turns w/2 with the
current |, yoke with length J. area $ and magnetic permeability,, forming an
electromagnet, two air-gap with lengtly &nd the effective area of,Jail segment with
length L; and magnetic permeability between the left pole of the electromagnet and the
defect, the rail segment length, with magnetic permeability, between the right pole of
the electromagnet and the defect, the defect itsetfrack opened onpLwith S, area and
magnetic permeability of free space. Part of theggmetic flux bypass defect through
defectless part of the same rail head, which issicemed using the shunt area length
Ls = Lp, area §= S - S and magnetic permeabilitys, which may differ from the ralil
permeabilityy,. Here $- cross sectional area of the rail head.

Each of these sections is characterized by thegponding magnetic resistance with
the result that you can make a substitution schefrneagnetizing system rail flaw detector
with a magnetic circuit (Fig. 3). [9].
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Fig. 3. Substitution schematic of magnetizing systéth a rail as a magnetic circuit

On Fig. 3 B - magnetic resistance of the yokey Rnd R, - magnetic resistance air
gaps, R and R, - magnetic resistance railsp R magnetic resistance of the defect -R
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magnetic resistance of the shunt section of the kéagnetic resistance has dimension
(ohm ssec)™.
A model allows you to easily calculate the magnfitic @, in the plane of the defect:

w Rg

CDD: E ,

(4)

Rp [Rg
DS +R,+Ry+R,, +R, +R
Rp +Rs y ql g2 r rn

where all symbols are described above.

This circuit, by considering the impact of changimggnetic flux in the movement of
flaw detector, on the value of the magnetic resitaof individual sections of the track,
allows its influence on the shape of the signddé@dditionally taken into account.

3. DESCRIPTION OF CRACK MODEL CALCULATION GEOMETRY

In the proposed model (Fig. 4) the crack with opgriiy is represented by two spatial
arrays of positivab4(x, y, z) and negativép(x, Yy, z) point sources of magnetic field, that
are in the body of the rail head and are shown wimts. The surface of the rail head,
which is conventionally shown translucent planeahas with the plane x0y, and its axis
matches with the direction of the axis y. The ttey of movement of the search sensor is
defined by Y axis set above the head track and sheith dotted line.

Dy(x.y,2)

Fig. 4. Geometry of crack model

Number of point sources along the x axis is M, afahg the axis z - K. Each point
source located in the corresponding node of squegh and has its coordinates in space
and value. Changing these parameters you can gamalacks surface of any shape.
Besides of transverse cracks you can build a modéhed at arbitrary angle cracks and
fissures, with the surface which have a differdmpe and form, for example, a cavity.
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Considering the influence of crack shape on therathar of distribution of the signal
realized through the corresponding intensity distiiopn of the flow from each source.

The magnetic field at any point over the rail headh coordinates (X, Y, 2)
is a superposition of field from all sources, ameé orthogonal magnetic field components
Hy, H, and H for the point defined as the total projectiontu vector to the corresponding
axis of coordinate system. When moving the serlsmgahe coordinate Y each component
of the field corresponds to a signal - unde¥), E, (Y) and E (Y).

The position of each search sensor, which can lle point and integral sensor, is
defined by coordinates (X, Y, Z). For each sensmordinates X and Z are constant,
and Y - variable. Also it is considered that théoeity of the sensor is constant. Therefore,
electromotive force, which is inducted in it detamed with considering the changing
magnetic field around the sensor by integratinthavolume of sensor within its size. For
example, for signal {Y), this expression has the form:

dIHHy(X,Y,Z)dXdeZ
E,(Y)

Y)=—upgw,—Y 5
y HoWgq ay )

where: v — velocity of the sensor,
Ko — absolute magnetic permeability of free space,
W — number of coils per unit length of the sensor,
V — volume of the sensor.

For signals E(Y) and E(Y) there is the same expressions. The model allows
calculating the waveform for the three orthogormhponents of magnetic field, depending
on the form of crack, size, depth and angle gblésie relative to the axes.

4. RESULTSOF CALCULATION OF CRACK WAVEFORM

To implement the calculation of waveform of craaks the basis of present model
program developed in Delphi. Graphical user intfdeveloped for this program allows
you to quickly set such crack parameters as opeofirg crack, the depth of its position
relative to the surface of the rail head, anglasraation of the crack and the sensor height
above the rail head (Fig. 5).

In the program window the segment of rail in theorcliinate system and three
projections are given that allows the user to \igadhe crack position relative to rail head.
The result of the program - a distribution of tharéhogonal components of the magnetic
field of the crack and the corresponding signalthefsearch sensors.
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Fig. 5. Graphical user interface of developed piagr

As an example, Fig. 6 shows the simulation reswoitsthree orthogonal signal
components of the transverse cracks, the paramatedslocation of which is shown
in a box in Fig. 5, in the case of a point senadrich moves along the Y coordinates of the
middle of the rail.
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Fig. 6. Three orthogonal signal components usiqmpit sensor

Fig. 7 presents similar signals from the same crablen using integrating sensor,
which moves along the coordinates of Y. The resfithe simulation match well with the
data of [5, 8].
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Fig. 7. Three orthogonal signal components usiriggrated sensor

In all the graphs in Fig. 6 and Fig. 7 curve 1 sgnal E(Y) component of the field H
curve 2 — signal f£Y) from the field component Hand curve 3 — signal &) from the
field component H In most cases, high-speed magnetic rail flaw yaiglis performed
on a signal from the longitudinal field componeg(\§ (curve 2). However, as shown in
Fig. 6 and Fig. 7 significant additional informatiabout the parameters is in signgY¥g
(curve 1) of the transverse field component hich can not be determined when using
two-dimensional models.

5. CONCLUSION

An estimated mathematical model of the crack usiggivalent circuit of magnetizing
system with the rail was developed. This allowsutating the distribution of the three
orthogonal components of the magnetic field of ¢theck and the corresponding signals
from sensors for any geometrical parameters ofkceaad any type of sensor. A small
calculation will complement the program to simulatgnals from the defect as a set of
cracks, which are located nearby.

Using the proposed a mathematical model for mudiictel defectoscopic systems the
optimum number of sensors can be determined acaptditheir geometric dimensions and
parameters.

This also allows you to create basis functionsviawvelet analysis to their further use
for automatic recognition of signals of rail defeetcracks and more accurately predict the
type of cracks from waveform.
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