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Abstract: Devices for electric heating of railroad turnouts are elements of the railway infrastructure
protecting railroad turnouts against blocking them by snow and ice in winter. They often operate
based on the principle of resistance heating but other solutions are also emerging. In this paper, one of
such new solutions using the phenomenon of electromagnetic induction was presented and tested
under various conditions. In comparison with traditional resistive heaters, the inductive ones offer
heat distribution directly to ice and snow without intermediation of rails. Moreover, they can use a
wide range spectrum of frequency to shorten the melting time. The resistive and inductive devices
were tested with respect to melting time, temperatures and energy consumption. It follows that
the induction-based device offers much lower energy consumption at a level of 30%-60% of that by
resistive heater. The details depend on frequency used, initial temperature and number of induction
devices of action assumed equivalent to the resistive one. Inductive heating of turnouts also offers

check for shorter times of operation, which are obtained for frequencies in the range 40-70 kHz. The inductive

updates device was also tested with respect to magnetic field levels around it to assess its possible influence
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Energies 2021, 14, 476. https://

doi.org/10.3390/en14020476 1. Introduction

Railway turnouts are largely influenced by winter weather conditions, which may
hinder or even stop train traffic. In order to eliminate the risk associated with a possible
blockage of turnouts due to residual snow or ice, technical solutions were introduced to
efficiently remove snow and ice from critical points of turnouts. The railway infrastructure
managers in particular countries are obliged to ensure safe and proper train traffic man-
agement. In Poland this task is performed by Zaklady Linii Kolejowych (Railway Lines
Plants) [1].

Railway turnouts are complex systems. The main elements are the stock rail (non
movable), the switch rail (movable), adjusting closures and other elements depending on
the turnout type. Various methods are used to keep the space between the stock and switch
rails clean [2]. A brief review of the methods is presented in Section 2.1. One of the most
common methods of ensuring full efficiency of turnouts due to unfavorable weather condi-
tions in winter is using built-in electric heating devices. For example, in the regions subject
to PKP (Polish State Railways, Inc.) Polskie Linie Kolejowe S.A. (Polish Railway Lines Joint
Stock Company) the most frequently used turnout heating system is based on resistive heat-
conditions of the Creative Commons 1Ng (RH). A single RH device is not a high energy consumptive load. For example, a typical
Attribution (CC BY) license (https:// ~ Tesistive heater of length of 2.8 m has a power of 900 W. However, their number makes
creativecommons.org/ licenses /by / the entire RH system very energy-consumptive. It is estimated that these devices consume
40/). about 40% of the total electricity demand of the railway transport system [3]. In Poland,

Received: 15 November 2020
Accepted: 15 January 2021
Published: 18 January 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article

distributed under the terms and

Energies 2021, 14, 476. https:/ /doi.org/10.3390/en14020476 https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2912-9639
https://orcid.org/0000-0002-1864-1135
https://doi.org/10.3390/en14020476
https://doi.org/10.3390/en14020476
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14020476
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/2/476?type=check_update&version=1

Energies 2021, 14, 476

20f16

energy consumption in the rail transport system is estimated at approximately 250 GWh,
which is 140 million PLN (approximately 31 million EUR) [3]. Even small savings on the
scale of one device can bring tangible economic benefits on the scale of the entire system.
These benefits, by reducing the consumption of electricity, but also by caring for ecology [4],
are factors that are currently very desirable [5-7]. Therefore, attempts to make the electric
heating of turnouts more effective have recently been made. A possibility of decreasing
energy consumption is expected in the fact that in the classic RH system the flat-oval heater
is attached to the stock rail foot. This solution causes the flow of thermal energy from the
radiator to the rail, which becomes a heat receiver and absorbs significant amounts of
generated heat. At the same time, it heats up not much because its large mass results in
a large heat capacity. Consequently, considerable energy is required to melt ice or snow,
making the apparatus quite energy-consumptive. The research results presented in [8,9]
indicate that it is more efficient to separate the heating element from the rail. Separation
of heating devices from the rail foot causes a change in heat distribution in the process of
melting snow or ice, leading to a use of the generated heat in a more efficient way (directly
to the places of snow or ice between the stock and switch rails).

In recent years attention has been paid to heating based on the phenomenon of
electromagnetic induction. In this solution a metal plate placed in time variable magnetic
field is heated due to eddy currents induced in it. The concept of inductive heating (IH)
is also applicable to direct heating of turnout plates, which also have a great impact on
the operation of turnout elements during periods of snow or ice occurrence. The proposed
modification of power and control elements is aimed at reducing electricity consumption
by heating selected elements of the turnouts and making it possible to direct the heat
transfer. Moreover, the IH device can be used with various frequencies to optimize the time
or costs. Possible advantages of using IH of turnouts have attracted attention of researchers.
In [10] electric and magnetic properties of rails were investigated with the aim of further
numerical simulation of induction heating of rail turnouts [11]. In [12] IH based on inverter
with parallel resonant circuit was tested. Deicing of railway turnouts with IH was tested
in [13]. Direct comparison of effectiveness of RH and IH was presented in [14,15]. In this
paper the inductive heating of turnouts (IHT) and traditional resistive heating of turnouts
(RHT) is also compared, but the approach is slightly different. An IH device is tested for
various operation frequencies and its operating performance is compared with a RH device
in terms of energy consumption. Besides, magnetic field is also determined to assess a
possibility of influence on nearby infrastructure.

2. Methods
2.1. Methods of Protecting Railway Turnouts against Blocking by Snow and Ice

In terms of the mechanism of operation, the methods of protecting railway turnouts
against clogging by snow and ice can be divided into cleaning or heating. The first group
includes manual, mechanical or pneumatic methods, whereas electric, gas, oil/water and
geothermal methods can be found in the second group. The methods can also be classified
as stationary or portable (e.g., flame throwers, snow throwers). In the earliest period of
railway development, the critical elements of railway turnouts were cleaned of ice and
snow manually by service staff. In the following years special trays were introduced,
in which solid fuel elements were placed, e.g., fired coke, to heat the critical elements of
turnouts. Today these manual methods were completely replaced with automatic ones.
The main criteria of choosing the method are climate and energetic resources. In regions
where the ambient temperatures in winter are much below zero and where the humidity
is reduced compared to that for ambient temperatures around zero degrees, pneumatic
methods of cleaning turnouts work well. They use a compressed air stream that blows
snow out of the critical areas of turnouts. However, this solution does not work well
when temperatures often cross 0 °C. In such conditions snow often freezes to rails or
ties. As a consequence, it is necessary to heat the elements not to allow gather and freeze
the snow or ice in the working area of a turnout. Typical methods of heating include
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electric heating, gas heating, water heating (e.g., in Germany), using geothermal energy,
and exceptionally—portable flame throwers.

In gas heating the gas is transferred to burners placed in turnout elements. The method
is used in Austria, Norway or Switzerland [11], where weather conditions can abruptly go
very hard. Gas heating offers a rather high power around 1 kW /m, which ensures quick
operation. However, it requires extra infrastructure. In addition, gas pressure strongly
depends on temperature, which must be taken into account to ensure safety. There is a
significant risk of unsealing of the installation due to vibrations caused by train passing or
train derailment, which may cause gas explosion. For this reason, continuous supervision
and frequent controls of the installation are required.

Water heating systems are similar to those often used in house heating. In contrast to
gas heating, the oil is used to heat a mixture of water and anti-freezing agent, which circu-
lates in a system of pipes between the oil heater and the turnout elements. Similarly, as in
the case of gas heating, this requires specific infrastructure, and carries similar danger.

Both gas and oil heating require combustion, which is not preferred nowadays.
Geothermal heating is an example of solution based on green energy. The idea is similar
to that used in fridges. Geothermal heat is used to evaporate a special working fluid of
low boiling temperature. Then the fluid is compressed which increases its temperature and
heats up the working fluid in the third circulation, which operates in the same way as in
oil/water heating system. As mentioned above, the advantage of the system is that it uses
renewable energy. However, its initial costs are quite high. Due to climate changes winters
in Poland are mild in recent years and temperatures are often above 0 °C. The high initial
cost of geothermal installation makes the payback period large.

Electric heating is based on the fact that current passing through a resistive material
generates heat. Out of the presented methods, electric heating is the simplest one. It does
not require any highly expensive infrastructure. For example, in Poland for about half
a century the most common systems use resistive heaters, often referred to as electric
heating of turnouts (EHT). Such a system is a set of power and control elements which,
in accordance with the conditions set in the control system, causes the power supply to the
heaters installed in the critical elements of the turnouts (Figure 1). EHT devices require the
electric supply of standard parameters [16-18]. The crucial element of an RH device is a flat-
oval resistor heater [19] attached to the stock rail foot with special holders [20] (Figure 2).
In addition, other special heaters are installed depending on the type of turnout. Besides,
the device contains separation transformers [21], power supply and control cabinets [22].

Figure 1. Built-in elements of the turnout electric heating system (1—switch rail, 2—stock rail,
3—working space, 4—separation transformer boxes).
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Figure 2. Built-in flat-oval resistance heaters (1) mounted with special holders (2) to the foot of the stock rail (3); (4)—switch
rail, (5)—plates.

2.2. IH Device

In traditional resistive heating the current flow is caused by applying voltage to the
terminals of the heater. In contrast, in the inductive heating the currents are induced due
to electromagnetic induction. This type of turnout heating is not common. However,
modern technology considerably lowered the price of electronic modules required in IH
device, making it more attractive. Typical elements of IH system for turnouts are shown in
Figure 3. The IHT is a complex system similar to that of RHT. The main difference consists
in using electronics to generate high frequency current in coil, which produces time variable
magnetic field and causes eddy currents flow in a nearby conductive element.

230 V AC IHT system
Control
Supply switchboard e

230V AC

110V AC

Weather station IHT coil

Figure 3. Elements of system for inductive heating of turnouts (IHT).

A prototype IH device was installed the railway turnout subject to Polish State Rail-
ways, Inc., and connected for testing (Figure 4). The visible part is a top plate which is a
radiator transferring the heat to the working area of turnout. The coil is placed in a special
case under the plate.
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Figure 4. IH device heating part (2) mounted between the stock rail (1) and the switch rail (3).

2.3. Mathematical Model of IH

In the main electronic module of IH device the supply voltage is converted to direct
voltage and then DC/AC converter generate voltage of root mean square value U of
regulated frequency f in range 40 to 100 kHz. The voltage is applied to coil terminals so
that the current through the coil equals

=4 )

R2 + (27fL)?

where R and L are the resistance and inductance of the coil. The heat is generated in
accordance to relation
- U’R

R2 + (27fL)?

The resistance consists not only of the resistance of coil turns, but mostly the resistance
related with eddy currents flow in the metal enclosure. The inductance is related with
magnetic field existing in the coil and its vicinity. The electromagnetic field penetrates
conductors approximately up to the so-called skin depth equal to

P =RI @)

- L 3)

VL ey

where y is the magnetic permeability of the medium, and v is its electrical conductivity.
Since the skin depth decreases with an increase in frequency, the effective cross-section of
current path drops as frequency rises, increasing the resistance. For high enough frequencies
the resistance is nearly proportional to \/f. In turn, the inductance slightly drops when
frequency rises, but the reactance 27 fL rises with frequency rise. As a result, the current
and the active power of the IH device decrease with an increase in frequency.

To obtain quantitative results the above qualitative considerations have to be com-
pleted with computations of electromagnetic field and heat transfer. Although such detailed
numerical simulations are out of scope of this research, short information is included here.
According to Faraday’s law of electromagnetic induction, a time variable magnetic field of
flux density B induces an electric field E as follows:

oB

VXE:—E

4)

In a conductive medium of electrical conductivity - the induced electric field E causes
flow of the so-called eddy currents of density equal to

J=1E ©)

These currents generate a secondary magnetic field so that the following equation

is satisfied B
V x <—> =] (6)
H
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where y is the magnetic permeability. In the above equation the displacement current
density was neglected, because in conductive medium it is much less than the conductive
current density ¢E. By combining the above equations, it follows that the current density
satisfies the following equation:

)

2 — _— =

VI —pry =0 )
Having solved Equation (7) (with suitable boundary conditions), it is possible to

evaluate volume density of energy per unit of time delivered to the conductor as follows:

_JJ

5 ®)

p
Effectively, this is a heat source. The heat is then distributed throughout the conductor
via thermal conductivity. The temperature (T) distribution satisfies the heat equation:

oT
V-(AVT) —cpmr = —p )

where A is the heat conduction coefficient, c is the specific heat capacity, p is the material
density, and p is given by Equation (8). In the region surrounding the plate the heat is
transferred mainly via convection and radiation, so that appropriate terms and boundary
conditions have to be taken into account.

2.4. Methodology of the Research

The most important indicators of efficiency of RH and IH devices are ice melting time
and energy consumption. To lower the melting time, it is necessary to increase power,
which is usually related with an increase in energy consumption. The RH device has a
constant power, but IH device can operate at various frequencies, which results in different
power consumption. Another interesting quantity related with heating is temperature.
The three indicators were investigated in the research.

Traditional RH device was installed in a laboratory where the melting time of ice
pieces was measured. The heater was attached with holders to the rail on which the ice
piece was placed (Figure 5a,b). During lab tests the ice melting process was carried out in a
climatic chamber at initial temperatures of 0 and —10 °C, and the time required to melt the
ice was measured. At the same time, temperatures of the neck and foot of the stock rail
were measured. Besides, power consumption was also monitored.

(a) (b)

Figure 5. Ice piece melting with use of traditional resistive heating (RH) device: (a) initial stage;

(b) partially melted ice.

A similar test was performed for a prototype IH device. In order to check how op-
erating frequency affects the melting efficiency, same ice pieces were placed on a device
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(Figure 6a,b), and melted under the influence of the IH system at various operating fre-
quencies ranging from 40 to 90 kHz. All tests were performed at temperatures 0 °C and
—10 °C, and the same initial temperatures of the IH device.

(@) (b)

Figure 6. Ice piece melting with use of the IH device: (a) initial stage; (b) partially melted ice.

Apart from tests focused on efficiency also electromagnetic compatibility aspects were
tested. Since the IH device is a source of magnetic field required to correct operation,
it is worth measure the field level at various distances. The measurements were made
at distances from 0 to 1 m from the IH device. The magnetic field was measured with a
TRACER MR100 VI-2 device.

3. Results and Discussion
3.1. Numerical Simulations

A simple geometry of IH coil and its vicinity is presented in Figure 7. The dimensions
and material parameters were assumed based on the information on the IH device, but not
all of them are public; therefore, some of them were assumed or slightly changed. The coil
has N = 50 turns of copper wires. The radiator is made of aluminum, and the walls are
made of magnetic steel.

ice

30 multi-turn coil

/ radiator
2 1
; —
A-. magnetic walls

2 ! =

125 p| 10 | 105 ) )
7 insulation

Figure 7. Geometry of IH coil with enclosure, radiator and ice on its surface (dimensions in millimeters).

Numerical calculations of electromagnetic field were performed with FEMM 4.2.
Figure 8 shows current density in the half cross-section of the configuration for two different
frequencies and the same voltage on the coil. The eddy currents are localized mainly above
the coil turns. Magnetic walls practically prevent the magnetic field to go under the device.
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An increase in frequency results in weaker eddy currents, because the current in the coil
drops then due to an increase of impedance (see Figure 9).

— sl

(@) (b)

Figure 8. Localization of eddy-currents for a frequency of 40 kHz (a) and 70 kHz (b); the color scale is the same for both
cases, half of the cross-section is shown.
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Figure 9. The resistance and reactance of the coil vs. frequency for 50 turns and assumed coil length
150 mm based on finite elements calculations.

Figure 10 shows the active power determined via Equation (2) with use of values of
the resistance and reactance shown in Figure 9. It was assumed that the voltage on the
coli terminals was constant, and the values of power are expressed as P/ Py, where Pjg
denotes the power at a frequency of 10 kHz. It is visible that the power strongly drops with
frequency. This is confirmed later in Section 3.4.

0 T T T T 1
0 20 40 &0 20 100

Frequency [kHz]

Figure 10. The resistance and reactance of the coil vs. turns number and assumed coil length 150 mm
based on finite elements calculations for a frequency of 40 kHz and 70 kHz.

In the next step, temperature calculations were performed with Comsol software.
The results for a frequency of 40 kHz and an initial temperature of 0 °C are presented in
Figure 11. Despite of the fact that eddy currents are localized mainly near the coil turns,
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the temperature of the radiator is equalized practically at all stages of heating. Figure 12
shows the temperature of the radiator surface during a period of 30 min of simulation
(dashed lines) for a frequency of 40 kHz and initial temperatures of 0 °C and —10 °C.
In addition, the solid lines show the measured temperatures (see Section 3.3). It follows
that the initial stage of heating simulation stays in good agreement with measurement.
However, the numerical simulation and the measurement are different after several minutes
from the beginning. The discrepancy originates from simplified model of calculations.
Among others, it does not take into account additional cooling of the radiator by the water
from ice melting.

40
35
30

25

(d) 0

Figure 11. Temperature distribution (°C) around IH device (40 kHz, 2 A, 50 turns) for an initial temperature of 0 °C after
2 min (a), 4 min (b), 6 min (c), 8 min (d).

110
—-— - - -
a0 A _ - - — =
- - - — -
- - -
'G' 70 A - - - -
= ”, -
g L7
T 50 , L
E- ;s 7 - = == (°C(simulation)
& 30 - 7 = == -10°C (simulation)
£ 0°C (measurement)
10 -10°C (measurement)
.10 _/ 500 1000 1500 2000
Time [s]

Figure 12. The temperature of the radiator surface vs. time for a frequency of 40 kHz and initial
temperatures of 0 °C and —10 °C—simulation (solid lines) and measurement (dashed lines).

3.2. Melting Time

The fundamental indicator of the devices under research is time required to melt ice
piece. The times measured during the research are shown in Table 1.
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Table 1. Times of ice piece melting by RH and IH devices at various operating conditions

Ice Piece Melting Time (s)

Temperature IH Device
RH Device
40 kHz 50 kHz 60 kHz 65 kHz 70 kHz 80 kHz 90 kHz
0°C 1747 973 1081 1339 1507 1568 2287 3319
—10°C 2963 1219 1345 1563 1807 2063 3093 4751

The RH device required around 29 and 49 min to melt the ice piece completely at
initial temperatures of 0 °C and —10 °C, respectively. The times for the IH device were
around 56-190% and 41-160% of that for RH device, respectively. The higher operating
frequency resulted in slower ice melting. At first, this may seem strange, because it could
be expected the opposite tendency—the higher frequency the quicker field changes and
the higher eddy currents resulting in higher energy dissipation and quicker ice melting.
However, this is not the case, because the IH device design results in variable power
consumption when frequency is changed—the higher the frequency the lower the power
consumed (see Section 3.4). This is a result of the fact that an increase in frequency causes
also an increase in load resistance as well as coil reactance as shown in Section 3.1. As a
consequence, the current drops and the power consumption is smaller than for lower
frequency. In the frequency range from 40 to 70 kHz the IH device gives smaller melting
times than those with use of an RH device. However, a significant reduction in the operating
frequency of the system increased the power of the IH device, which resulted in excessive
heating of the power supply and control system as shown in the following subsection.

3.3. Temperature Values

Knowledge of temperature is an important quantity in heat transfer. In the research
the temperature was measured in control points in each system. In the first stage of
the research an empty run was performed, in which no ice was present in the rail with
RH device. Figure 13 shows temperature of the rail neck and foot vs. time for initial
temperature 0 °C. It follows that temperature difference between the neck and foot are
quite large. Hence, in case of absence of ice or snow the largest heat receiver is the rail itself.
In real conditions this kind of operation can be encountered when the air temperature
drops while neither snow nor ice is present in the turnout. In fact, the heating is usually
unnecessary then.

25

RH - idle run (initial temperature 0 °C) _—
—
20 _‘,»-"
,—”“_“
;”/—f :

15 e// —the foot of the stock rail

-~ the neck of the stock rail

v
.-"[

10 -

Temperature [°C]

0 p=< T T T T T T T T )
200 400 600 800 1000 1200 1400 1600 1800
Time [s]

-5

Figure 13. Foot and rail neck temperature vs. heating time in empty run of RH device for initial
temperature 0 °C.
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Figure 14 shows the rail neck and foot temperatures in case of presence of ice for
initial temperature 0 °C. The image of temperature changes is now different. First of all,
the temperatures of the foot and the neck are very close, and the differences are up to
2 °C. During the initial stage of heating the temperature of the foot is considerably higher
than the neck temperature. This is probably caused by weak contact on the boundary
rail-ice so that the heat is weakly transferred to ice. After some time, the surface of the
ice is melted and the contact becomes better, so more heat is transferred to ice and the
temperature between the rail neck and foot remains approximately constant at a level of
1 °C. An interesting phenomenon is inversion of neck and foot temperatures (time period
around 1100-1400 s). This intensive heat transfer to ice is probably caused by large melting
heat of ice. After the period of inversion, the temperature of the rail foot again becomes
slightly higher than that of the neck. The ice piece was melted completely after around
29 min (see Table 1). A similar experiment with initial temperature —10 °C required over
49 min.

6
RH - ice melting (initial temperature 0 °C)
5 >
. —
o
E‘ 3 —~— —— —
5 -
g h __—
25 N ——the foot of the stock rail
2 ,
2 the neck of the stock rail
1
0 :L'— T T T T T T T T 1
200 400 600 800 1000 1200 1400 1600 1800
Time [s]

-1

Figure 14. Foot and rail neck temperature vs. heating time during ice piece melting by RH device at
an initial temperature of 0 °C.

Figures 15 and 16 show the surface temperature of the IH device for various frequen-
cies vs. operation time for an initial temperature of 0 °C and —10 °C, respectively. It can be
seen that the temperature is the higher the lower the frequency. As a result, the shortest
melting times are for the lowest operating frequency (see Table 1). At first glance, this may
seem strange, but when checking the power consumption (Table 2) it follows that the
device takes much higher power at lower frequencies. The power is mainly transferred to
the metal case via eddy currents, therefore more heat per unit of time is generated, and this
gives a quicker and stronger rise to temperature.

Table 2. Power consumption of RH and IH devices.

IH Device
Devi RH Devi
evice eVI€® " 40kHz  50kHz  60kHz  65kHz  70kHz  80kHz 90 kHz
Power, watts 870 172 150 123 108 90 64 44
Equivalent power for
3 IH devicos watis - 516 450 369 324 270 192 132
Equivalent power for - 1032 900 738 648 540 384 264

6 IH devices, watts
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60 -
IH - ice melting (initial temperature 0 °C)
—40kHz
50 7 —50 kHz
60 kHz
.9.40 B 65kHz
o —70kHz
230 4 —80kHz
2 —90kHz
G
F 20 A
10 A
0 T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500

Time [s]

Figure 15. Temperature of IH device surface vs. time at different operating frequencies for an initial
temperature of 0 °C.

60 A
IH - ice melting (initial temperature -10 °C)
50 1 —40kHz
——50kHz
40 60 kHz
‘g —70kHz
v 30 1 —80kHz
=3
® —90kHz
§ 0 |
E
K|
10 4

0 T T T T T T T T T T 1
V 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time [s]

Figure 16. Temperature of IH device surface vs. time at different operating frequencies for an initial
temperature of —10 °C.

The temperature of IH device surface is much higher than that obtained on rail surface
with RH device. For a frequency of 40 kHz the temperature reaches even 50 °C. However,
when ice is spread all over the IH device surface, such high temperatures will not be
reached and the heat may be even more efficiently transferred to the ice. Besides, the RH
device is fixed to the stock rail, whose large heat capacity and large mass results in much
lower temperatures compared to those of IH device.

3.4. Power and Energy Consumption

To detect the most suitable frequency it is necessary to compare power and energy
taken by the RH and IH devices, because smaller times of ice melting by the IH device
can be a result of larger power used. To investigate this, the power consumption of each
device at various operating conditions was measured (Table 2). The values for both devices
cannot be, however, compared directly, because one RH device is dedicated for about three
railroad ties, whereas one IH device is placed between two ties. In the first approximation,
around three IH devices are required instead one traditional RH device. This may lead to
inefficient ice melting on the ties, therefore additional three IH devices may be required to
be placed on each tie (or rather in the saddles on which the switch rail is placed). Hence,
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Table 2 shows also power of a group of 3 or 6 IH devices as equivalent to a single RH
device. It follows that a group of 3 or 6 IH devices require 15-60% and 30-120% of a single
RH device power, depending on frequency, where the higher the frequency the lower the
power required.

However, power consumption is not quite informative, as it is energy which from
the point of energy savings is the most important factor. Knowing power consumption
and melting time, it is easy to calculate the energy consumed. The results are presented in
Table 3. It shows results for two temperatures (0 °C and —10 °C) for two scenarios with
3 or 6 IH devices. First of all, it follows that in every case the energy consumption by IH
devices is much less than the energy required by RH device. In case of 0 °C and 3 IH
devices it is around 28-33%. When the temperature is lower, the ratio seems even more
beneficial (22-24%). Even doubling the number of IH devices still keeps the IH/RH energy
consumption at a very good level of 40-60%. This means that the IH device has a huge
potential in energy savings related with heating of railroad turnouts.

Table 3. Equivalent energy consumption of RH and IH devices when melting sample ice piece.

IH Device
Indicator RH Device
40 kHz 50 kHz 60 kHz 65 kHz 70 kHz 80 kHz 90 kHz
Temperature 0 °C, 3 IH devices
Energy, kWh 0.422 0.139 0.135 0.137 0.135 0.112 0.122 0.122
IH/RH energy, % 33 32 33 32 28 29 29
Temperature 0 °C, 6 IH devices
Energy, kWh 0.422 0.278 0.270 0.275 0.271 0.236 0.243 0.243
IH/RH energy, % 66 64 65 64 56 58 58
Temperature —10 °C, 3 IH devices
Energy, kWh 0.715 0.174 0.168 0.160 0.162 0.155 0.164 0.174
IH/RH energy, % 24 23 22 23 22 23 24
Temperature —10 °C, 6 IH devices
Energy, kWh 0.715 0.349 0.336 0.321 0.325 0.310 0.329 0.348

IH/RH energy, %

49 47 45 45 43 46 49

Tables 1-3 allow us selecting the optimal operation frequency with respect to time or
energy savings. Table 1 indicates that lower frequency results in quicker operation, but it
may require even higher power than an RH device. The higher power does not indicate,
however, higher energy consumption, because the operation time is shorter. By analyzing
Table 3 it can be stated that the highest energy savings are reached for a frequency of
around 70 kHz.

It is worth to compare directly RH and IH devices assuming the same operation time.
First, the frequency for which ice melting time is the same as with RH device is determined.
By analyzing Table 1 for 0 °C it follows that the frequency is between 70 and 80 kHz.
Then, using linear interpolation, one obtains a frequency of 72.5 kHz. This is illustrated
in Figure 17a. This value can be used then to find the power used by a single RH device
(see Figure 17b), which yields around 84 watts.

The length of a traditional 900 W RH device is 2.8 m. As indicated above, at least
three IH devices should be used instead a single RH one. Hence, the power consumed by
a traditional radiator during lab tests is 869.2 W, whereas three IH heat sources require
3 x 84 W =252 W. This is around 29% of that for RH device. Even for six IH devices the
required power will be 58% of that for RH device. This means really high energy savings.
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Figure 17. Determination of frequency and power used by a single RH device to melt ice piece at the same time as the RH
device: (a) determination of frequency; (b) determination of power used.

3.5. Electromagnetic Compatibility Aspects

The magnetic flux density at various frequencies and distance from the IH device is
shown in Figure 18. The field values are below 4.5 uT. The highest field values are for the
lowest frequencies. This is a result of two factors: (i) at higher frequencies the power taken
is smaller as shown in Table 2, so the current in coil is smaller (assuming unchanged voltage
at coil terminals); (ii) at higher frequencies the skin depth is smaller and the field is more
strongly attenuated by the metal case of coil and the radiator. In average, the magnetic
field values decrease with an increase in frequency, although there are some disturbances
in particular values. The disturbances originate probably from imprecise placement of
the field meter. Besides, the expected dependence of the field decrease with increasing
distance was confirmed. At a distance above around 5 cm above the IH device surface the
magnetic flux density drops below 1 uT. This is very low; for example, Earth’s magnetic
field is at a level of 30-60 uT. Of course, the two fields have different frequencies (0 Hz
for Earth’s magnetic field, and 40-100 kHz for IH device), but this shows that the B field
outside the IH device is very low. The above values indicate that the device should not
affect any nearby infrastructure.
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W70 kHz 2.66 1.89 1 0.5 0.25 0.19 0.2 0.14
W80 kHz 3.1 1.94 1.22 0.5 0.29 0.26 0.17 0.09
W90 kHz 2.58 1.26 0.77 0.33 0.2 0.16 0.14 0.08
W 100 kHz 1.65 1 0.6 0.27 0.18 0.17 0.15 0.12

Distance from IH device [m]

Figure 18. Magnetic flux density vs. distance from the IH radiator for various operating frequencies.
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4. Conclusions

The tested IH device is an innovative solution that uses the phenomenon of electro-
magnetic induction. The heat is generated mainly due to eddy currents in the metal case of
the device. It can be used in countries where the winter conditions force electrical heating
of railway turnouts. This solution makes it possible to heat the turnouts in a more rational
way. First of all, it generates heat directly into the ice or snow. Secondly, it offers selectivity
by heating only those places which require this. In addition, it also offers a possibility of
adjusting frequency to obtain optimal operating conditions. Finally, it is compatible with
the currently existing supervision and control systems.

The results of the tests show that although the tested IH device has the ability to set
different operating frequencies, there is an optimal frequency (approx. 70 kHz in the case
of the tested device) ensuring the highest energy savings. By comparison of the operation
of traditional RH and the IH devices it was shown that even around 70% energy savings
can be obtained keeping the ice melting time at the same level. Lower frequencies result
in shorter times of operation, but require higher powers, although usually smaller than
the traditional RH device. The magnetic field decreases quickly with the distance from the
device, and should not affect the nearby infrastructure. Further research will be focused on
numerical analysis of electromagnetic field, temperature distribution and heat transfer.
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