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Abstract: In this paper is given a three-dimensional numerical simulation of the eddy current
welding of rails where the longitudinal two directions are not ignored. In fact, usually it is
considered a model where, in the two-dimensional numerical simulation of rail heat treatment,
the longitudinal directions are ignored for the magnetic induction strength and temperature, and
only the axial calculation is performed. Therefore, we propose the electromagnetic-thermal coupled
three-dimensional model of eddy current welding. The induced eddy current heat is obtained by
adding the z-axis spatial angle to the two-dimensional electromagnetic-thermal, thus obtaining
some new results by coupling the numerical simulation and computations of the electric field and
magnetic induction intensity of the three-dimensional model. Moreover, we have considered the
objective function into a weak formulation. The three-dimensional model is then meshed by the finite
element method. The electromagnetic-thermal coupling has been numerically computed, and the
parametric dependence to the eddy current heating process has been fully studied. Through the
numerical simulation with different current densities, frequencies, and distances, the most suitable
heat treatment process of U75V rail is obtained.

Keywords: Three-dimensional model; rail welding; eddy heating; grid planning; electromagnetic
induction

1. Introduction

It has been roughly estimated that the more than 40% of railway problems are due to the
increasing number of increased passengers and travel distances. Therefore, in order to ensure
the higher speed, load capacity, and smoothness of high-speed rail transportation, together
with the safety and stability of the railway, some more strict requirements must be fulfilled.
The material [1,2], welding [3,4], heat treatment technology, [5] and forming [6] of railway rails
are put forward under more strict requirements.

In the process of rail manufacturing, the thermal stress caused by internal heating increases the loss
of rail. Heat treatment technology ensures rail quality by eliminating thermal stress [7-9]. Eddy current
heating technology, which has the advantages of high performance and environmental protection,
has been widely applied [10,11]. In this paper, the eddy current heating technology is applied to the
process of rail heat treatment. However, during the heating process, the heating temperature affects
the heat treatment [12,13]. Therefore, in order to improve the welding quality of the rail, the heating
temperature must be controlled strictly. At present, the application of eddy current heating in the
study of rail heat treatment adopts a two-dimensional model analysis [14,15].

However, the calculation of temperature in the two-dimensional model is carried out only in
the axial direction, by ignoring the computation along the longitudinal directions. A large number
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of experimental data show that the two-dimensional model cannot completely solve the current
problem [16,17]. Therefore, we propose a three-dimensional electromagnetic-thermal coupling model
of rail welding. In the following paper, the electromagnetic and temperature field are obtained by
combining electromagnetic-thermal coupling with the numerical simulation of rail normalizing. In our
model, the thermal properties of various parameters during the process of induction heating [18,19] are
fully taken into consideration. The three-dimensional numerical calculation process of eddy current
normalizing of U75V rail is designed, and the parameters of the 3d model are compared. This model
not only provides theoretical basis for multi-parameter selection under complex process conditions,
but also has positive significance for improving the safety and reliability of rail welding quality.

In addition, because of the large investment in hardware testing and the high operating cost,
the multiple test verification of the eddy current heating application process [20,21] makes the computer
numerical simulation preferable in order to simulate the electric vortex positive heat treatment of the
steel rail on the high-speed rail track [22,23].

In this paper, changes in the induced magnetic field, the eddy current, and the rail temperature
during the eddy current normalizing heat treatment of the U75V rail are studied. The finite element
numerical simulation method [24,25] is used for numerical simulation of the eddy current heat treatment
process of the rail. The finite element differential equation in the mesh division is also established
by taking into account the Maxwell equation [26,27] in electromagnetic theory and the Fourier heat
transfer law [28,29] in the heat transfer theory. The numerical simulation results are analyzed by the
magnetic induction and temperature changes of the U75V rail eddy current normalized heat treatment
under different conditions.

The structure of this paper is as follows. Section 2 introduces the parameters and the numerical
calculation method of the three-dimensional model. Section 3 shows the finite element mesh generation.
Section 4 gives the process of rail heat treatment. Section 5 analyzes the results of heat treatment of
steel rail under different conditions.

2. Three-Dimensional Rail Welding Model

2.1. Establish the Three-Dimensional Rail Welding Model

The research object of this paper is U75V rail steel. The actual parameters of the rail are the
following [13,30]: track length is 50 mm, track density 7894 kg/m?, induction coil section inner radius
110 mm, outer radius 120 mm, and induction coil width 50 mm. Five points of A1, A2, A3, A4, B on
the rail are picked to measure the temperature of the equipment (Figure 1). The frequency is 1600 Hz,
the current density is 2 X 107 A/m?, and air domain size 300 mm x 300 mm X 300 mm. The initial
temperature is 293.15 K, the heating time is 115 s under the circular induction coil, and 60 s under the
contour induction coil. The relationship between material properties and temperature and the influence
of latent heat on temperature are considered (Table 1) [31]. The sequential electromagnetic-thermal
coupling method is used to simulate the heat treatment process of the rail. Firstly, the electromagnetic
field is analyzed, and then the Joule heat produced by induced eddy current is calculated as the heat
source of the thermal analysis.
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Figure 1. The three-dimensional rail welding model.

Table 1. Intrinsic parameters of U75V rail.

. Specific Heat Coefficient

Temperature Relative Resistivity ()  Capacit of Thermal Enthalpy

e Permeability JK 1310 C):l) Conductivity (J/m3)

g (W-m-1°C-1)

25 200 1.84 x 1077 472 93.23 9.16 x 107
100 194.5 254 x 1077 480 87.68 3.56 x 108
200 187.6 3.39 x 1077 498 83.35 7.53 x 108
300 181 435 %1077 524 0.44 1.16 x 10°
400 169.8 541 %1077 560 78.13 2.12 x 10°
500 157.3 6.56 x 10~/ 615 76.02 2.65 x 10°
600 140.8 7.9%x 1077 700 74.16 3.19 x 10?
700 100.36 9.49 x 1077 1000 71.98 3.72 x 10?
800 1 1.08 x 1078 806 69.66 4.22 x 10°
900 1 1.16 x 1078 637 66.49 452 x 10°
1000 1 12%x1078 602 65.92 5.14 x 10°

Through the hardware experiment of Professor Szychta Leszek from Kazimierz Pulaski Technical
University [32], the feasibility of the simulation experiment is verified, which used a standard rail
induction welding test bench, i.e., USCT6785. The hardware test is shown in Figure 2. The rail model
is U75V, the temperature of the experimental environment is 20 °C, the distance between the coil and
the rail is 5 cm, the coil current density is 2 x 107 A/m3, and the frequency is 1600 Hz. There are five
positions from 1 to 5 on the U75V rail for the temperature sensor, corresponding to Al to B in Figure 1.
When the experiment is performed, the five temperature sensors feedback the temperature change
in real time. This experiment was completed in July 2014, and the final temperature results of the
experiment are published on the website [33].

Figure 2. The hardware experiment device.



Entropy 2020, 22, 947 4 0f 15

2.2. Three-Dimensional Rail Welding Model Numerical Calculation

In this paper, the three-dimensional rail welding model is proposed by combining Maxwell
equations with the basic theory of the Fourier heat transfer equation [26,29], and a complete calculation
method of a three-dimensional physical vector is designed. In other words, the changes of temperature,
electric field, and magnetic induction intensity of some special points in the three-dimensional space
position (A1-A4, B) on the rail are calculated. Taking point A1l as the representative, this paper
introduces the calculation process of three-dimensional numerical value in detail.

2.2.1. Calculation of Three-Dimensional Electric Field Strength

The position of A1 in the model space is shown in Figure 3. The influence of various directions on
the electric field intensity of Al should be considered, which is generated by the combined action of
two coils in a circular double-turn single coil. The electric field line passes through the air gap between
the coil and the rail, generating an electric field at A1.

Figure 3. Electric field intensity of A1.

The amount of charge at A1’ and Al1” is shown below:

J
= 1
1= 77 @
where ] is the current density, s is 1m? area, and t is 1s time interval.

Due to electrostatic shielding, the electric field intensity inside the coil is 0, and the electric field
intensity outside the coil is equal. The electric field intensity at Al is calculated by means of the Ampere
loop law [34] and Faraday’s electromagnetic induction law [29] in Maxwell equations:

(612 qaq cos 013 012 44177 cos 013 012 qavqar
Ea T JO 2meqh2 d613+jén 2118 iy h2 d613 ~ J01; 2mes;R1cos 013 *h1cos 613d613 (2)
_ _4av : s qa1” : iy _ qav4a1” _
= e (sm 6017 —sin 911) + Trie (Sll‘l 01y —sin 611) e, RT * hl (612 611)

where parameters are indicated in Figure 3, and ¢, is the dielectric constant in air, and its value is
6.72 x 10712F /m, which has been modified to ¢,j,.

2.2.2. Calculation of Magnetic Induction in Three-Dimensional Model

By calculating the electric field strength value obtained from the position of Al, the magnetic
induction intensity of the induced magnetic field at Al can be derived, according to the Gaussian law



Entropy 2020, 22, 947 50f 15

of electric flux and the Gaussian flux law in Maxwell equations [35]. The magnetic induction field of
Al is shown in Figure 4:
= cos Y3 — cos 7)) sin Y3 —sin i)

Ept
—I—%;m%(tan Yy —tany)

poEa1 sin g
Bai e

poEaz sinyy
+ 2R2 (

®)

where y is the permeability in a vacuum, its value is 4 X 10~/H/m, and R is the length of point Al
from the origin of the coordinate system.

Figure 4. Magnetic induction at Al.

3. Three-Dimensional Meshing Mathematical Model

In the numerical simulation of the U75V rail, mesh generation of the three-dimensional model is an
important part of the whole process. Because of the U75V orbital electric field intensity E, the magnetic
induction intensity B and induced eddy current ] 41 need to consider the influence of each point in the
entire electromagnetic field. However, in the actual numerical calculation, the points in the model
space exceed the computational limit. In this case, the finite element mesh generation method [24,36]
is used in the numerical calculation to convert infinite points into finite points, and then each node
after grid planning is calculated.

3.1. Basic Cell Grid

The basic cell in the three-dimensional finite element meshing method is a regular tetrahedron
shape (see Figure 5), and displacement changes in the element and meshing are linear and nonlinear,
respectively. Therefore, the amount of calculation in the division process is greatly simplified.

Figure 5. Regular tetrahedral cell.
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Constructing the displacement model is the first step to solve the problem by finite element
analysis. The displacement mode function ¢ = [u, v] expresses the displacement of any point in the
element with the displacement value at the node of the element:

&= 1,0 = u(x,y,z)ial + apx + azy + asz )
v(x,y,z) = as + agx + ayy + asz

The displacement of any point on a regular tetrahedral cell is the position function of that
point on the x-axis, y-axis, and z-axis. The four points on the regular tetrahedral cell are numbered
counterclockwise (as shown in Figure 6), that is, the coordinates and displacement values of the i
node, j node, m node, and n node are (x;, y;, z;) and u;, v;, (x;, y;,z;) and uj,vj, (Xm, Ym, zm) and ty, Uy,
(Xn, Yn,2n) and uy, vy.

J
Figure 6. Regular tetrahedral cell vertex order.

Substitute the coordinates and displacement value of the node into the displacement mode to get
a system of equations about: a;:

m 1 x v z Uu; O aj am ay u;
a ‘l 1 xj yj oz wi | _| Bi Bj Bm P || 4 )
as 1 X Ym 2Zm Um Yi Vi Vm Vn Um
ay 1 x yn zn Uy T Tj Tm Tn Uy
ap = aju; + ajuj + AUy + Aty
ay = Biui + Bjuj + Pmltm + Puitn ©)

ag = yiui + Y juj + Ymlm + Ynlin
as = TiUu; + Tl + Ty + Tyulp

where a, B, 7, T, are the node coordinates of the regular tetrahedral cell. The same can be said about as,
ag, a7, ag. The value of g; is substituted into the displacement mode function to obtain:

u(x,y,z) = (ai + Bix +yiy + Tiz)u; + (“j +Bix+yiy+ TjZ)uf
o= [1,[ z)] = +(am + BmX + Ymy + TmZ)um + (Oén + Bux 4+ yny + Tnz)un )
, v(x, Y, z) = (a; + pix + iy + T;2)v; + (0(]' + ,B]-x +yiy+ T]'Z)v]'

+(am + BmX + YmY + Timz)Om + (n + BnX + YnY + Tnz)0n

3.2. Three-Dimensional Eddy Current Finite Element Model

In three-dimensional eddy current heating, the physical field is usually divided into vortex ()
and non-vortex () regions, and the boundary I is divided into an outer boundary I's,I'y and an
inner boundary I'y. In the non-vortex (), the power supply current density and eddy current density
are J; # 0 and J. = 0 respectively, so only the magnetic field needs to be considered. In vortex (1,
the electric and magnetic fields are considered simultaneously. According to the Maxwell equations,
the field equations and boundary conditions of the eddy current field can be expressed as follows.
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The field equation of ();:
VX (vVxA)-V (vVA)+oat+quo—0 ®)
V-(-0% - oVep) =0
The field equation of ();:
VX (vVXA)-V(vV-A) = J; )
The boundary condition of I'p:
nVxA=0 (10)
The boundary condition of I'y:
(WWxA)xn=0 (11)
The boundary condition of I'y:
A=A
VA1 =10pV-A
U1vV-Ap = 02V-Ar (12)

11V XAy Xny =0vV-Ap Xnq
V( GW—GV(p)—O

where A is vector magnetic potential, ¢ is scalar potential, o is conductivity, v is magnetic resistance,
Vx is curl operator, V- is divergence operator, and 7 is the unit normal vector of I'.

3.3. Three-Dimensional Finite Element Meshing

The concept of a weak function is introduced in finite element meshing [10,37]. When the function
cannot be solved directly, the integral and curl of the original function are solved, and the form of the
weak function equation is added to facilitate the solution of the original function. By transforming
Equation (3) into a weak function, the weak function can be obtained as follows:

f EwidV = [[ wiLe(h]eo)ds (13)

v

where V is the volume of each cell after division, s is the area of each cell divided, Lg =
f = arctan (013 — 012 + 011) AdV is the weak function equation, w; is the auxiliary function, [R] and

[h] are the distances from all finite points on the space after grid division to the coordinate origin and
the solved point, respectively. A = Z Nja; is the test function, a; is the undetermined coefficient, N is

the number of cells divided, and its Vlalue is between 500 and 1000.

The electric field generated around the induction coil generates an alternating magnetic field by
electromagnetic induction. The magnetic induction intensity, Equation (4), is converted into a weak
function as follows:

f Bwdv = f w;Lg([h])ds (14)
S

\4

where Lg =

[ ]2 acttan(613 — 012 + 011) AdV is the weak function equation. During induction

heating, an alternatmg current is fed into the induction coil to produce an induced magnetic field.
The magnitude of the induced eddy current in the U75V rail will be subject to the magnetic induction
intensity, B, generated in the induced magnetic field. Therefore, the magnetic induction line distribution
of the induced magnetic field after the finite element mesh division is shown in Figure 7.
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Figure 7. Induced magnetic field distribution.

The induced current 41 is a Hamiltonian transformation of the magnetic dipole. Equation (6) is
transformed into a weak function in the form of:

[ 1nwav = [f oy, (Heds (15)
v S

The induced eddy current generated by the induced magnetic field plays an important role in
the rise of the rail temperature. The distribution of the induced eddy current field after finite element
mesh division is shown in Figure 8.

Figure 8. Eddy current distribution.

When the rail temperature reaches the Curie point, the magnetic characteristics of the rail will
disappear and induction heating will no longer be carried out. Therefore, the heating process has two
stages: the first stage is induction heating caused by electromagnetic induction, and the second stage is
conduction heating, that is, the temperature from high to low [13,38].

During the whole induction heating process, the induction magnetic field is generated when
the AC current passes through the induction coil. The magnetic field then creates inductive eddies
inside the rail, which generates a lot of heat [39]. Since Al is on the surface of the U75V orbital,
the temperature of Al is first generated by induction heating. When the temperature reaches the
Curie point, the permeability of the current heating layer drops to 1, and the heating mode changes to
conduction heating [14,19]. Therefore, the temperature of Al is obtained by Maxwell equations and
Fourier’s law of heat conduction [40,41].

During the induction heating process, the temperature at point Al:

qa1 = J5,/0 (16)
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T1 = Cqm (17)

where o is the conductivity of the rail, C is the specific heat capacity of rail, and J4; is induced
current density.
During the conduction heating process, the temperature at Al:

tga1 sin 61 tqa1 cos 612 tqa1 tan 013
2 = €y ey (44
2kpc 2kpc 2kpc

(18)

The temperature that tends to stabilize is Tpy = T1 + To.

In the finite element division, the Equations (13)—(15) and (18) are iterated continuously by the
stable double conjugate gradient method to obtain the optimal solution through the divided grid.
Finally, the final meshing value is obtained after 6143 iterations. The finite element analysis grid of
induction heat treatment under the circular coil is shown in Figure 9.

5
I hL
ULy
DA ;;VMA padl

l‘mm%,v‘

Figure 9. Rail grid planning.
4. Three-Dimensional Model Simulation Process of Rail Welding

The three-dimensional rail welding model is used, which is solved by the induction heating
module. The electromagnetic field is analyzed in the frequency domain and the temperature field by
transient analysis. The specific calculation process is shown in Figure 10. To make the calculation
result have good convergence, the rails are divided on the mesh division densely, the coils are divided
moderately, and the air domain is divided sparsely.
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Establishing the area of rail, coil
and air models

v
| Setting material properties |
v
| Dividing the mesh |

v

Establishing a

magnetic-thermal
physics field

| Solving the magnetic field |

v

| Solving the temperature field |

Updating
material
parameters

NO

| Solving result |

Figure 10. Magnetic-thermal coupling calculation process.

5. Results and Discussion

The three-dimensional orbital welding model is established through numerical simulation.
By changing the current density and frequency of the induction coil and the distance from the orbit to
the induction coil, the influence of each parameter on the temperature can be obtained.

5.1. Effect of Current Density on Temperature Field

The parameters of the rail eddy current heat treatment are set as the distance between the
induction coil and the rail, which is 3 cm, and the current frequency is 1500 Hz. However, the density
of alternating current flowing into the induction coil will change: | = 2.5 X 10° A/m2, ] =3 x 10° A/m?,
J = 3.5 x 10° A/m?, respectively. The three-dimensional cloud chart of the heating temperature field
under the coil is shown in Figure 11. The temperature changes at points A1-A4 and B under three
different current densities are shown in Figure 12:

-
< o < .o <o

Figure 11. Temperature field of different current density when the rails are constant.
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Figure 12. Temperatures of A1-A4 and B at three different current densities. (a) | = 2.5 x 10° A/m5,
(b) ] =3x10° A/m3, (c) ] =3.5x10° A/m>.

As can be seen from Figures 11 and 12, the temperature increase during the heating process
increases as the current density of the coil increases if other conditions remain unchanged. The influence
of different current densities on the temperature field show that the heating layer at the bottom of
the rail gradually reaches the Curie point with the increase of temperature, the temperature at the
railhead head also rises to the Curie point, and only the orbital waist temperature continued to rise
to 800 °C. This is because both the railhead and the bottom have warmed up to the Curie point,
which further changes the magnetic field around the rail. According to the results of numerical
simulation, the heating process of each region is different when the rail is heated by induction.
Considering the heating time and stable variation of the coupling field, the current density ] is selected
as ] = 3.5 x 10° A/m? for the following numerical simulation study.

5.2. Effect of Current Frequency on Temperature Field

In the case, the air gap between the induction coil and the heavy rail end is 3 cm, the current density
is ] = 3.5 x 10° A/m?, and the current frequencies of three groups are set as | = 1000 Hz, ] = 2000 Hz,
J = 3000 Hz. The three-dimensional cloud chart of heating temperature field under the coil is shown in
Figure 13, and the temperature changes of points A1-A4 and B under three different current frequencies

are shown in Figure 14:
(h‘ zC o
850

Figure 13. Temperature versus time curve at different current frequencies.
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1000 1000
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Figure 14. Temperatures of A1-A4 and B at three different current frequencies. (a) f = 1000 Hz,

(b) f =1500Hz, (c) f = 2000Hz.
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It can be concluded from Figures 13 and 14 that the initial heating layer thins as the current
frequency of the input coil increases if the other conditions remain unchanged, and the time required
to reach the required temperature is shorter.

Through the numerical simulation calculation in this section, the heating time and the stable
variation of the coupling field are considered comprehensively, and the current density ] is selected as
] = 3.5 x 10° A/m? for the following numerical simulation study.

5.3. Effect of Distance of Coil and Rail on Temperature Field

Under the condition that the input current density is | = 3.5 x 10° A/m?, the temperature field
is affected not only by the magnitude and frequency of the current passing through the induction
coil but also by the distance between the induction coil and the rail. Therefore, the distance between
the induction coil and the rail is changed for numerical simulation, which is 2.5 cm, 3 cm, 3.5 cm,
respectively. The three-dimensional cloud chart of the heating temperature field under the coil is
shown in Figure 15 and the temperature changes of points A1-A4 and B at three different distances are

shown in Figure 16:
degC__
850

830
820
810
800
790

Figure 15. Temperature versus time curve of different distances of induction coils and rail.

1000 1000 - 1 1000

4 _a—a—= o oo o 9
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; 7 /5 P
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2 600 2 s 6000/ /
ES 2 El ¢ o
/ /
5 1 g g 400f 1
5 ——Al 5 —=-Al 5 , —e—Al
= . A2 = A2 = - 2 A2
200 B | B 2001 )/ Jr B 1
——A3 ——A3 ——A3
A4 A4 7 A4
0 ’ ¥ "
0 20 40 60 80 60 80 0 20 40 60 80
Time/s Timel/s
(a) ()

Figure 16. Temperatures of the A1-A4 and B at three different distances. (a) 2.5 cm, (b) 3 cm, (c) 3.5 cm.

As can be seen from Figures 15 and 16, if the distance between rail and coil is reduced continuously,
the effect of the overall rail-induced positive heat treatment may be affected. When the distance
between the coil and the rail is not changed except for other conditions, the temperature of the whole
rail will rise very fast as the distance decreases gradually. However, the normalizing process cannot be
induced if the distance is too small. Therefore, the rail induction normalizing condition is considered
comprehensively: the current size of the induction coil connected is | = 3.5 x 10> A/m?, the current
frequency is 2000 Hz, and the distance between the induction coil and rail is 3 cm as the process
parameters of the temperature field simulation analysis.

6. Conclusions

In this study, simulation of the heat treatment process for three-dimensional welded rail is achieved,
and electromagnetic and temperature fields arising from steel rail are analyzed in the three-dimensional
case. The numerical simulation is used to establish a three-dimensional electromagnetic-thermal
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coupling model of rail eddy current normalizing heat treatment, and a finite element equation is
established through the theory of electromagnetics and heat transfer. The original two-dimensional
numerical calculation is added to the z-axis rotation angle, and the concept of the weak functions was
introduced by the simulation of the established three-dimensional rail welding model on different
current densities and frequencies of the induction coil and the distance from the rail to the induction
coil. This study provides a quantitative reference and analysis method for studying the formation
mechanism of the temperature field in the process of rail induction heating.
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