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Abstract: The railway is an essential source of logistics and transportation in cold regions, but low
temperatures and icing can be challenging for uninterrupted railway operations in these regions.
Icing on railway switches is a safety hazard, and presently, one of the industry’s adaptive approaches
for ice mitigation is the use of resistive heaters. This method is efficient but consumes a great amount
of electricity, leading to high financial costs in terms of the operation and maintenance of railway
tracks in ice-prone regions. In this paper, a study is carried out using experiments and computational
simulations to analyze the heat distribution in a cross-section of a rail at below-freezing temperatures.
Experiments are performed in a cold room using an actual rail switch, thermocouples, and infrared
imaging, while numerical analyses are carried out using a MATLAB-based analytical model to
simulate the heat transfer, considering a section of stock rail and a heating element. Results show
a considerable loss of heat from the heater to the surroundings of the rail, especially towards the
ground ballast. Numerical simulation results provide a good insight into heat transfer along railway
sections, and results are validated with experiments, where a good agreement is found. This study
provides a good base for further optimization of resistive heating operations for ice mitigation along
railway switches.
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1. Introduction

The parts of railroad tracks that allow trains to switch between tracks are known as
railway switches, turnouts, or points. Based on their operational performance and safety,
switches play a critical role in the network. However, ice and snow accumulation on these
switches can impede their movement, leading to operational issues and safety concerns.
To avoid these problems, the railway industry is using a variety of anti-icing and de-icing
techniques. These methods include hot air blowers, chemicals, gas heating, water, and
geothermal heating. Among railway switch heating methods, resistive electrical heaters are
more common, especially in Europe [1-6]. Such electrical heaters produce heat when the
current passes through a resistive material. The primary component is a flat or oval-shaped
resistive heater installed on the stock rail foot (Figure 1). The optimal location of the heater
on the rail and the need for extra special equipment can vary depending on the kind of
turnout and the environment [6].

Despite its simple design and ease of installation, resistive electrical heaters do not
have high electrical and thermal efficiency. These heaters heat the entire rail and use
significant electrical energy for the lengthy rail. Also, the heat radiates faster from the rail
since it is larger than the heater and has a high volume in contact with the air temperature
differential [7]. Over the years, it has been observed that resistive electrical systems are
not capable of heating turnouts efficiently. Researchers have examined several design
approaches for resistive heater performance improvement. Design changes have been
made to the resistive heaters, which include: (1) expanding the contact area between
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the heater and rail by converting the heating element’s shape from cylindrical to flat;
(2) modifying the outer sheath material of the heating element to make it resistant to most
chemicals, water, and salt; (3) converting the embedded resistance wire’s linear shape to
a helical one; (4) utilization of insulating material to conceal the heating element on the
air-facing surface [8]; and minimizing hot air loss by using covers, which can reduce energy
costs and protect switches from harsh weather [9].

At T
T —_—

Figure 1. Railway switch operation in icing conditions and location of heater [2].

Induction heating for railway switches was first introduced and tested in Poland in the
year 1978 for some selected switches. In this design, rails were heated with eddy currents
induced inside the rails. Heating wires were insulated and were not in contact with the
rails in a galvanic way. Through the years, this method has evolved, and researchers have
performed several studies on this concept. In 2012, Szychta et al. reviewed this concept and
developed a 3D simulation model. In this study, they analyzed the electric and magnetic
characteristics of rails in the presence of induction heating using the Flux3D [1]. In 2021,
another study was published, where researchers compared the melting time of an ice
cube, the temperature of the rail, and energy consumption between induction heating at
different frequencies and conductive heaters. The results showed that the induction system
sends the heat to ice and snow directly, while in the conductive heater, a great amount of
heat is stored in the stock rail, which increases the energy consumption of this method.
Results did not show that induction heating was an absolutely better method than the
conduction system. In some frequencies, it performed better in the melting time and energy
consumption, so it is possible to find the optimal situation for induction heating, which can
save up to 70% of energy compared to the resistive method [6].

In 2015, Flis conducted a numerical study to compare resistive and inductive heating
systems of railway switches. He simulated heat transfer and calculated respective heat
losses. In this study, he did not consider phase transformation and melting. The results
showed that a huge amount of thermal energy was absorbed by the rail due to its high heat
capacity, and a considerable amount of heat was radiated into the air. He claimed that the
induction plate reached the final temperature in only 4 min, and then the melting started,
while for resistive heating, this process took two hours. Also, it was mentioned that the ice
area (workplace) received more heat energy from induction heating rather than resistive
heating [10].

In another comparison study between resistive heating and induction heating, re-
searchers conducted experiments in a climate chamber on a railway switch at different
environmental temperatures and various distances between stock and switch rails. Re-
sults showed higher energy efficiency of induction heating than resistive heating, as in
the induction system, the heat transferred directly from the heating plate to the purpose
area. Moreover, induction heating also improved the lubrication circumstances of moving
turnout components [11].

Contactless heaters have also been suggested for railways since the stock rail loses
a lot of energy due to its high heat absorption capacity. Flis [12] performed a study on
contactless heater performance in 2018 using experiments and numerical simulations. He
compared the energy efficiency and heat distribution in the railway turnout. Results
showed that for a constant time of heating, the temperature of the contactless system area
was higher than the classic one; also in this situation, the snow area received more heat



Appl. Sci. 2024, 14, 8151

30f15

from the contactless area rather than the classic one [12]. In 2020, Flis continued his work
and explained that it is necessary to optimize the current heating system. He examined
two modifications to the conventional heating system. The study showed that the existing
heating method’s performance is suboptimal and that the contactless approach is more
effective. However, he recommended that the heater element’s ideal shape needs to be
optimized [13]. In 2019, researchers from Korea conducted a study on using high-frequency
induction to heat railroad switches. They designed and analyzed an electronic circuit to
control the high-frequency induction heating system. Also, the eddy current functioning as
a heat source was observed using electromagnetic analysis [14]. The results of this study
showed that the temperature of the induction heater can increase in a shorter time than
that of the resistive method.

According to the literature and interviews with industry experts, it seems that the
resistive heating method is a costly operation due to high electricity consumption. Some
work has been done to introduce new methods of heating or improve the performance
of the current method, but still, these suggestions are in the lab testing of the prototype
phase. Also, as conductive electrical heaters are operated on a large scale, replacement
of this method is difficult due to the high infrastructure cost involved. The study in this
paper aims to provide a scientific basis for optimizing the resistive heating operations for
ice mitigation along railway switches. Both experimental and numerical methods are used.
Investigation of the heat distribution in railway switches is expected to identify an optimal
approach to reducing the operation cost of conductive electrical heaters.

2. Materials and Methods

This study was carried out using lab-based experiments and numerical simulations.
Experiments were carried out in a cold room chamber facility at UiT, whereas, for numerical
simulations, a MATLAB-based analytical model of heat transfer was developed. For lab-
based experiments, the setup was developed using the actual railway switches obtained
from the railway department. The setup was developed in the cold room facility where
the temperature could be controlled up to 248 K (—25 °C). A reactive electrical heater was
used for heating. This heater contained wire and element parts. The element part was
attached to the rail using four clamps. These clamps were specified for the rail and heater
type. Ballasts and soil were provided under the rails to make the conditions as real as
possible. Temperature was recorded using thermocouples and infrared cameras. Various
thermocouples were attached along the 2 m long rail track, and data were recorded using
data loggers. For infrared images, an FLIR A615 IR camera was used. Figure 2 shows the
lab experimental setup used in this study.

For these experiments, S54 Rail was used. On the stock rail, thermocouples were
installed at three points to record the temperature on the rails. The rail has three main parts,
called the head, web, and foot of the rail, and each has its own specific geometry. Moreover,
the contact of each part with the switch rail, ground, heater, and clamps is not the same, so
it was decided to install thermocouples to observe each area separately. The locations of
the thermocouples are shown in Figure 3 with red circles. A control device was designed
to control the heater using a temperature controller. This device could read the power
consumption by a power meter. Moreover, the temperature data from thermocouples were
recorded using the data logger presented in Figure 3.
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Figure 3. (a) Location of thermocouples on the rail, (b) heat controller, (c) data logger.

For the experiments, an infrared-based imaging technique was used to record the
dynamic variation in rail surface temperature. An IR camera is a non-contact temperature
measurement device that detects the infrared energy emitted, transmitted, or reflected by
all materials at temperatures above absolute zero (0° Kelvin) and converts the energy factor
into a temperature reading or thermogram [15]. IR images are processed using IR control
software V4.59. For the calibration of the IR camera during experiments, firstly, the reflected
temperature was examined. To increase the emissivity, the rail surface was covered by a
black coating sprayed on the rail cross-section. The reflected temperature, the emissivity
of 0.92, and the distance from the object were carefully adjusted for the calibration of IR
imaging. Surface temperature measurements from IR cameras were validated with the
thermocouples recorded temperatures during the experiments.

For the experiments, heat distribution due to resistive heating along railway switches
were observed under different conditions. Experiments were carried out under two dif-
ferent conditions (Table 1). To explain the experimental process, we take scenario 1 as
an example, where the air temperature was 268 K (=5 °C). To start the experiment, the
room temperature was set to 268 K (=5 °C). It took some time until the rails’ temperature
reached 268 K (—5 °C) as well (all thermocouples on rails should have shown 268 K),
then the control unit automatically switched on the heater. The heating continued until
the rail surface temperature reached the target temperature of 278 K (+5 °C). Then, the
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heater tried to maintain the rail temperature and automatically switched off. Rail surface
temperature and heat distribution were recorded from the start of heating for 20 min. The
power consumption of the heater was also recorded during the experiments.

Table 1. Scenarios for lab experiments.

Scenarios Initial Temperature (K) Target Temperature (K)
1 268 278
2 253 278

The experimental results gained from the thermocouples and infrared thermography
of the rail track were compared with the simulation model. For that purpose, a 2D rail track
geometry surrounded by cool air was modeled in MATLAB®2Y222 and analyzed under heat
transfer equations of conduction and convection. Conduction is supposed to take place
over metallic rail tracks while natural convection occurs in the air. The rail cross-section
model used in the MATLAB simulation is shown in Figure 4.
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Figure 4. Schematic overview of rail geometry from MATLAB model.

The distribution of conductive heat transfer over a spatial domain with the transition
of time can be expressed by a 2nd order differential equation:

oT 2T 92T t=0

[ i — - <x <

= “<3x2+ay2)’ 0<x<L 1)
0<y<W

where « is the diffusion coefficient of the material, t is the time, and (x,y) are spatial
dimensions for length (L) and width (W). The solution for this transient heat equation
can be obtained for a finite time if initial conditions (at t = 0) and boundary conditions at
(x,y) =(0,0) and (x,y) = (L,W) are known.

In order to solve this partial differential equation, it was discretized using the finite
difference method, which meshes the whole surface geometry and transforms continuous
time derivatives into difference equations to calculate the solution at all mesh nodes. There
are different explicit and implicit integration schemes for finite difference discretization,
such as Forward Time-Centered Space (FTCS), Backward Time-Centered Space (BTCS), and
Crank-Nicolson. These schemes leverage each other in terms of temporal truncation error,
computational effort, and sensitivity towards the selection of time step (At) and spatial
domain step (Ax, Ay). FTCS was chosen in the case of rail heat transfer as the geometry
was simple, and extra computational effort was not required. The transient term for rate of
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heat transfer (0T9t) was replaced by forward difference and spatial terms for heat transfer
rate (0T0x, dTOy) were replaced with central difference terms, i.e.,:

t+1 t
Ly - Ty N Ty — 2T+ Tiyy T — 2T+ Th )
At (Ax)? (Ay)?
t t t t t t
T Tt 4o Ty — 2T+ Ti g N T — 2T+ Ty At 3
Y K (Ax)? (Ay)®

where subscript i, j denote computational points in the spatial domain (X, y plane), (Ax, Ay)
formulate the mesh spacing, and At is the time step for simulation. The solution for
FTCS methodology resembles that of a hyperbolic differential equation, which can become
unstable for certain values of «, Ax, Ay, At. This instability is defined by a Courant-
Friedrichs-Lewy (CFL) condition. As per this criteria, the terms (x At/ (AX?), x At/ (Ayz))
in the finite difference equations are limited by a maximum value (typically 1) [15]. For
this study, the values of «, Ax, Ay, and At were chosen so that the Courant number was
about 0.1. The values for these parameters, initial /boundary conditions, and some other
constants are given in Table 2.

Table 2. Values of parameters for heat transfer study over a rail surface using the finite difference method.

Constant Parameters

Diffusion Constant () 0.1 cm?2s~!
Time Step (At) 1s
Spatial Domain Step (Ax, Ay) (1cm, 1 cm)
Initial Conditions
Metal Sheet Temp. 268 K (=5 °C), 253 K (—20°C)
Boundary Conditions
Ambient Air Temp. (all 4 sides) 268 K (—5°C)
Other Constants
Heater Temp. 110 K (383 °C)
Heater Turn ON Instant Fromt=5s

Natural convection was simulated for the air around the rail. For that purpose, the
film temperature was calculated as an average of rail surface temperature and ambient
air temperature. This film temperature was, in turn, used to calculate viscosity, Prandtl,
and Rayleigh numbers, which give the value of convective heat transfer coefficient (h) at
varying air temperatures. The rate of convective heat transfer is given by:

dT
a = hA(Trs - Tamb) 4)
where Ty is the temperature obtained from conduction over the rail surface. Figure 5

explains the analytical model algorithm.
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Figure 5. Analytical simulation flowchart.

3. Results

This section provides the results of the laboratory experiment and analytical simulation
for heat distribution in two sections.
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3.1. Lab Experiments

The lab experiments were carried out under two different sets of operation conditions,
specified in Table 1. An infrared camera was used to measure the surface temperature
variation, and IR results were compared with the thermocouple temperature values. The
aim of this comparison study was to investigate the possibility of using IR cameras in the
actual railway field to monitor the temperatures while heaters are operating. Temperatures
were recorded using the data logger system. Tables 3 and 4 show the average temperatures
in these locations at t = 20 min after the heater was switched on.

Table 3. Average rail temperatures at different locations for atmospheric temperature, T = 268 K (-5 °C).

Scenario Foot (K) Web (K) Head (K)
IR 284.15 277.95 272.95
Thermocouples 284.25 276.85 272.05
Difference (%) 0.03 0.39 0.33

Table 4. Average rail temperatures at different locations for atmospheric temperature, T = 253 K (—20 °C).

Scenario Foot (K) Web (K) Head (K)
IR 272.12 264.84 258.95
Thermocouples 270.13 263.47 256.62
Difference (%) 0.73 0.52 0.90

IR images were further processed and analyzed. For each part of the rail, known
as the foot, web, and head of the rail, lines of interest (LOI) were defined to observe the
temperature on the line. As the heating process is not symmetrical on the rail, it was not
expected to have a smooth temperature distribution on each LOI. Results show that the
temperature measurements from IR camera are in good agreement with values from the
thermocouples. This highlights the possibility of reliable use of IR cameras for observing
the temperatures in actual field conditions of railways.

Figures 6 and 7 show the IR images of temperature distribution along the rail switch
cross-section at two different room temperatures. It is observed that the temperature distri-
bution along each section is not constant, and the temperature values fluctuate along each
LOL IR imaging provides more in-depth information along the surface as thermocouples
are point devices and can only give the temperature value at one particular point.

According to Figures 6 and 7, most of the heat is transferred to the foot section,
especially on the right side where the heater is installed; this means most of the heat
generated by the heater is vulnerable to being transferred through the foot into the ballasts
under the rail, while the web and head of the rail have a small share of this heat so that
the head cannot reach a temperature over 273 K (0 °C). It should be considered that the
head has a connection with the switch rail, and it is important for the head to have a higher
temperature than 273 K (0 °C).

This pattern is clearly observed in Figure 8 over time; from IR images, the heat transfer
over time for a total duration of 20 min was recorded. In this picture, four time sections
are shown. The sequence of pictures (1-4) shows how the heat is transferred from the
resistive heater to the rail section over time. These pictures also confirm that the heat is
mostly transferred to the foot rather than two other sections, which is normal according
to the location of the heater. The point is, that this heat transfer cannot be preferable as
it is not efficient. While the stock rail needed to be heated in the sections in contact with
the moving rail, the heater’s energy is mostly consumed to heat up the foot rail and is lost
through the foot.
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Figure 6. Temperature distribution on LOIs for the temperature of 268.15 K (=5 °C) at t = 20 min.
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Figure 8. IR images from different steps of heating.

3.2. Analytical Simulations

In this section, the temperatures of different parts of the rail are compared using
analytical simulation and experimentation. The approximate locations of thermocouples,
which are compared points, are shown in Figure 9. Figures 10 and 11 show the results at
the approximate locations of the thermocouples.

Rail & Heater with chosen Region Of Interest (ROI)
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Figure 9. Points of interest.
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Figure 10. Comparison of measured temperatures using different methods in the ambient temperature
of 268 K (=5 °C).
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Figure 11. Comparison of measured temperatures using different methods in the ambient temperature
of 253 K (—20 °C).

Tables 5 and 6 show the average differences between the simulation and analytical
method for all 20 min from the thermocouples, which show small deviations from the
values measured by sensors.
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Table 5. Percentages of difference from recorded temperatures by thermocouples in the ambient
temperature of 268 K (=5 °C).

Scenario Foot (%) Web (%) Head (%)
IR 0.235 1.135 0.563
Analytical 0.857 0.668 0.798

Table 6. Percentages of difference from recorded temperatures by thermocouples in the ambient
temperature of 253 K (—20 °C).

Scenario Foot (%) Web (%) Head (%)
IR 1.341 0.853 0.885
Analytical 2.389 2.370 2.724

According to the results, the analytical simulation has a higher temperature deviation
in the ambient temperature of 253 K rather than 268 K.

In the following figures, the patterns of temperature increase in all three parts of
the rail are presented. The discrepancies in the simulation and experimental results at
268 K and 253 K can be explained precisely in terms of different factors that contributed
to such behavior. For the simulation, a cross-sectional rail track geometry was prepared
that was close to the actual rail but not exact in shape and surface area (There was a
difference of 7.02 cm? in surface area from actual rail geometry). This area contributed to
the convection rate.

Secondly, within the simulation, the ballasts were not assumed, and hence, heat
transfer to them was not accounted for. The heat transfer that took place via the heater
installed in the rail foot also resulted in heat loss to the ballast beneath it in experimental
results. Thirdly, step heating is assumed in the simulation, i.e., the heater turns ON/OFF
instantly without any time delay.

The pattern of curves can be explained with Newton’s Law Of Cooling/Heating,
which states that the temperature of a body changes at a rate proportional to the difference
in temperature between the body and its surroundings. In the scenario where ambient (and
initial rail) temperature is 268 K (—5 °C), when the heater starts up, the convection rate
is small initially as AT = Ty,5 — Tajr is small. The rail temperature starts rising gradually
and becomes steeper as the body warms up. This leads to a less linear and more curvy
temperature profile. In the case of 253 K (—20 °C) ambient air temperature, AT is higher,
which means that the rate of heat transfer is higher from the very start, and the graph
follows a steeper slope.

Figure 12 visualizes temperature distributions within the rail over different time
instants when the initial rail temperature was chosen as 269 K with 268 K as ambient
temperature. A 1 K difference in temperature is assumed in the initial condition so that a
thermal contrast is maintained, and the difference can be noticed. At 5 s, the heater turns
ON and remains switched ON for the rest of the simulation. Conduction takes place in the
adjacent metallic rail in a semi-circular pattern and extends to heat the foot and web of the
rail, as can be seen in images for t = 200 s and t = 1200 s. Near the heater region, the thermal
pattern is distinct and more vibrant. Convection in surrounding air is not that apparent in
the thermal plot due to its slow rate. As time progresses, the heat transfer due to convection
and conduction reduces the temperature differences between the air and metallic rail for
the parts away from the heater, and they tend to attain the same temperature as the ambient
air. This is apparent in the thermal contour plot at 1200 s, where the left side of the rail
foot and upper web try to attain thermal equilibrium with the surrounding air, and the
temperature difference there becomes less pronounced. In other words, mathematically,
in the conduction equation where 9T/dt = «V'T?, the spatial gradient term VT tends to
become zero there.
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Figure 12. Example of temperature contour (ambient temperature = 268 K).

4. Discussion and Conclusions

This study observed heat flow in a cross-section of a stock rail using an IR camera,
thermocouples, and an analytical simulation. The experiment and simulation were per-
formed for continuous heating of the rail for 20 min. Results show that most of the heat
generated by the heater is transferred to the rail foot, which provides a condition for heat
loss through the ballasts under the rail. Also, the head of the rail, which is an important
part according to its connection to the switch rail, experiences a considerable temperature
difference with the foot. This temperature difference confirms the mentioned heat loss and
supports the idea that the location of the heater is not a suitable one from the heat transfer
point of view. This study provides a good base for further optimization of resistive heating
operations for ice mitigation along railway switches.
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