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Abstract

In winter, a large amount of icing and snowing occurs in outdoor equipment and 

systems, which adversely affects their lifespan. The melting process is divided into two 

parts: convection melting and gravity shedding melting. This paper is based on an 

experiment with a real high-speed train unit, and it establishes a three-dimensional 

computational fluid dynamics model of the bogie area to validate the mathematical 

model of the winter ice melting experiment. A numerical simulation was used to 

calculate the airflow in the baffle-enclosed space and to predict the effects of 

interactions between air and the ice body on heat transfer and phase change. The 

influence of air velocity and temperature on the heat transfer was analyzed. The 

computational simulation effectively quantifies the amount of heat transfer and energy 

consumption under different conditions. This paper also presents a research method for 

the simulation of gravity shedding in complex models. These models provide 

information for the construction of similar ice melting models. This paper has suggested 

that for thin ice bodies, convection melting was the dominant strategy. For thick ice 
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bodies, however, gravity shedding melting became dominant. The study also confirmed 

that enclosed hot-air ice-melting systems gave a better energy performance than 

unenclosed systems.

Keywords: Hot airflow, Computational Fluid Dynamics, Deicing, Energy 

consumption, Heat flux density

Nomenclature
S the source term
H enthalpy, kJ/kg
ρ density, kg/m3

V velocity, m/s
h sensible enthalpies, kJ/kg

ΔH latent enthalpies, kJ/kg
T temperature, °C
L latent heat, kJ/kg
β liquid fraction, 0~1
a characteristic distance, m
q heat flux density, W/m2

t time, s
Q total energy, kJ
c specific heat capacity, kJ/kg·°C
m mass, kg
ΔT temperature difference, °C
η energy utilization factor

Highlights

 A new enclosed melting system was built for deicing the bottom of a train

 A new method was used for simulating gravity shedding melting in complex 
models

 The effect of supply air properties on system performance was studied

1. Introduction

In recent years, the number of passengers using railways in China has increased 

dramatically. According to [1], in 2017, the number reached 3.084 billion, with an 
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increase of 9.6% over 2016. In severe cold and in cold regions, however, the bogie 

chassis under trains may form ice when the outdoor temperature is low, as shown in 

Figure 1. This ice will affect the stability of system operation [2-4] and lead to serious 

accidents [5]. To ensure passengers’ safety, it is extremely important to solve this icing 

issue for trains.

Figure 1: Ice on bogie chassis

Currently, four deicing methods are being used: mechanical deicing, hot-water melting, 

hot-air melting and ethylene glycol melting [2, 6, 7]. Except for mechanical deicing, 

which is achieved mainly by knocking off ice manually, all of these methods use a high-

temperature medium to melt ice, and hot-air melting is most common in real 

applications [2, 6, 8].  

Figure 2a shows a real hot-air melting system, with a schematic drawing shown in 

Figure 2b. In this system, two metal barriers are attached, with insulation layers to 

prevent release of hot air to the ambient environment. The hot air is provided by four 

heaters placed at the center of the rail. Using this method, heat is exchanged mainly 

through convection between ice and hot air, happening at the bottom of the ice. 

Therefore, in existing literatures[9], it has been called natural convection melting. 

However, when gaps exist between different pieces of ice or between the ice and the 

barrier, some hot air will be able to touch the train body and increase its temperature as 

well. The increased train-body temperature will heat the top of the ice, and some ice 

will drop due to gravity before fully melting by heating from the bottom. As is apparent, 
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this phenomenon will decrease the time required for ice melting as well as the heating 

energy demand. In this study, this melting mechanism has been named gravity shedding 

melting, and it is often neglected in real applications.

 

(a) (b)

Figure 2: A real hot-air melting system and its schematic diagram

To determine the performance of this system, simulation methods have popularly been 

used for predicting required heat flux and overall melting time. Compared to 

experimental methods, the potential advantages of simulation methods include 

removing the need for real materials, reducing the required labor, and increasing 

coordination between relevant departments [9]. According to [8, 9], mathematical 

models developed for solving phase-change heat conduction problems can be divided 

largely into two categories: multiregion models and single-region models. In 

multiregion models, control equations are established for each phase region, and the 

coincidence relationships between the solid-phase regions, the liquid-phase regions and 

the two-phase regions are described by establishing suitable boundary conditions at the 

phase interface. Multiregion models are mainly applicable to dynamic mesh technology. 

Single-region models are applicable to both solid-phase regions and liquid-phase 

regions, as well as two-phase regions. These regions are closely coupled with each other, 

and the simulation work can be performed using a fixed set of meshes and boundary 
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conditions. Due to the simplicity of single-region models, this kind of model is currently 

widely used in real applications.

In terms of deicing methods for trains, some relevant work has been done [2, 8, 10]. 

Some studies, such as [2, 8], investigated the characteristics of train deicing using 

simulation data. The results, however, were quite different from actual situations due 

to the mixture of ice and snow under trains. One study used both experimental and 

simulation methods carried out in a garage to investigate the best melting conditions 

for unenclosed hot-air ice-melting systems [10]. This study, however, released hot air 

into the whole garage, so a great deal of energy was used to heat the garage rather than 

to melt the ice. Therefore, the unenclosed systems had low the energy efficiency, and 

generated a lot of waste heat. Local environmental control systems have been applied 

in various applications, such as heating commercial buildings [11-13] and heating 

chairs [14], and their energy efficiency has been well proven. The enclosed hot-air ice-

melting systems in this paper is a type of local environmental control systems, which 

generates less waste heat than unenclosed systems [15]. 

All existing studies [2, 8, 10] until now focused on the performance of convection 

melting only, and the importance of gravity shedding melting in the overall melting 

process has not been well justified or understood. To fill this gap in the literature, this 

study aimed to critically justify the importance of gravity shedding melting on the 

overall performance of train ice-melting systems and to develop a useful method 

considering this effect for future applications. This study used a new type of enclosed 

hot-air ice-melting system that belongs to the category of local environmental control 

systems, as shown in Figure 2, and both experimental work and simulation work were 

conducted to evaluate its performance. Additionally, a calculation method for gravity 

shedding melting has been proposed, based on the enthalpy-porosity technique, to 

benefit future system design and operation.
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2. Research methods

2.1 Experimental design

2.1.1 Iron box

An iron box was used for validating both the solidification and melting model and the 

energy model, as well as for providing boundary conditions for modeling gravity 

shedding melting. In this study, the iron box was dimensioned by 200 mm×200 mm×80 

mm for the thickest part of the ice was approximately 80 mm thick in the enclosed 

system experiment, as shown in Figure 3. Since actual high-speed train chassis often 

have protruding portions, this experiment used an iron bar to represent these portions. 

During the experiment, the ice in the iron box was frozen and placed in a heating box 

to remain at 40°C±1°C. One T-type thermocouple was placed on one side of the iron 

box to measure the temperature inside, with a measurement accuracy of ±0.5 K and a 

measurement range of -10°C to 40°C. To prevent heat loss, the iron box was wrapped 

with thick insulation material.

(a) (b) (c)

Figure 3: Schematic diagram and physical pictures of the iron box experiment. (a) 

iron box; (b) schematic diagram; (c) melting process. 

2.1.2 Enclosed hot-air melting systems

The experiment on enclosed hot-air melting systems aimed to verify Computational 

Fluid Dynamics (CFD) models of turbulence and to provide melting time. The enclosed 
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hot-air melting system (shown in Figure 2) included some closed baffles and four 

heaters. The testing platform was mainly composed of a rail, baffles, heaters and a train 

unit with ice and snow. Outside the surfaces of the baffles, thick insulation material was 

attached to reduce heat loss to the ambient environment. In the experiment, the thickest 

part of the ice was approximately 80 mm. The supply air velocity was 13 m/s, with a 

supply air temperature of 65°C. The velocity inside the enclosed space was measured 

by hot-wire anemometers (TSI-8386), with a measurement range of 0~50 m/s and an 

accuracy of 0.01 m/s. The maximum deviation is ±3%, and the measurement range is 

between -10 and 60°C. 

2.2 Simulation design

CFD is widely used for solving differential equations that control the fluid flow to 

obtain discrete distributions of the flow field over a continuous region [16]. In this study, 

the CFD method was adopted to model the system performance. The solutions were 

considered to have converged when the summation of residuals was lower than 10−3, 

10−3 and 10−6 for continuity, momentum and energy equations, respectively. The 

residuals represented relative errors in the calculation of a particular variable to measure 

convergence. All simulations in this study were carried out in ANSYS Fluent, a popular 

commercial simulation package [17-19].

2.2.1 Model development and identification of boundary conditions

Geometric model for the iron box

The dimensions of the model are detailed in Section 2.1.3, and the thickness of the ice 

layer was defined as 80 mm. Figure 4 depicts the geometric model.
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Figure 4: The iron box model

Convection-melting ice model

The convection-melting ice model retained the main geometric features of the 

experimental platform with the train body simplified as a wall (the bottom of the train). 

Both the inner air and ice layer were enclosed in a closed space, and there was a 1 mm 

ice layer below the bottom of the train. An overview is shown in Figure 5.

(a) (b) (c)

Figure 5: Convection-melting ice model. (a) system sketch diagram; (b) internal 

geometric structure (gaps: yellow; heater inlets: red; heater outlets: green); (c) 

external geometry structure

Gravity shedding melting model

Both the heaters and the enclosed parts of the gravity shedding melting model were 
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defined in the same way as the convection-melting ice model. Since there were heat-

transferring parts for the train body, the model needed to be simplified. The simplified 

model retained the main structure, which was at the bottom of the train body, as shown 

in Figure 6a.

(a) (b) (c)

Figure 6: Schematic diagram of the gravity shedding melting model. (a) the simplified 

model of the train body; (b) ice layers (blue); (c) external geometry structure (gaps: 

yellow) 

Boundary conditions

Table 1 shows the boundary conditions used in the CFD simulation, defined 

according to actual situations.
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Table 1: Boundary conditions for the CFD simulation.

Boundary parameters Conditions

Exposed iron column Surface at 40°C

Iron box top/front/back/left/right Surface heat flux at 0 W/m2Iron box model

Ice Initial temperature at -2°C

Heater outlets Pressure outlet

Gap Pressure outlet

Ice Initial temperature at -2°C

Convective 

melting model

Wall Surface heat flux at 0 W/m2

Heater outlets Pressure outlet

Gap Pressure outlet

Ice Initial temperature at -2°C

Gravity shedding 

melting model

Wall Surface heat flux at 0 W/m2

2.2.1 Calculation method

In this study, the enthalpy-porosity technique was adopted to simulate the melting 

process for ice. It has been widely used in various fields, such as thermal systems 

integrated with phase change materials [19-24]. This method uses the liquid fraction to 

represent the degree of melting in the solution area [19, 21, 23, 24], which is calculated 

by an enthalpy balance. The liquid fraction is a value between 0 and 1, with 0 for pure 

solid ice and 1 for pure liquid water.

Equations 1 and 2 define both mass and momentum equations,



11

                            (1)
∂𝜌
∂𝑡 + ∇ ∙ (𝜌 ∙ 𝑉) = 0

                  (2)𝜌[∂𝑉
∂𝑡 + (𝑉 ∙ ∇)𝑉] = ― ∇𝑃 + ∇ ∙ (𝜇∇𝑉) +𝑆

where  is the source term. 𝑆

The energy balance equation is defined by Equation 3,

                     (3)
∂
∂𝑡(𝜌𝐻) + ∇ ∙ (𝜌𝑉𝐻) = ∇ ∙ (𝑘∇𝑇) +𝑆

where  are material enthalpy (kJ/kg), material density (kg/m3) and fluid velocity 𝐻,𝜌,𝑉

(m/s), respectively. 

The material enthalpy is the sum of both sensible and latent heat, calculated by Equation 

4,

                                (4)𝐻 = ℎ + ∆𝐻

where  and  are sensible and latent enthalpies (kJ/kg). ℎ ∆𝐻

According to the basic theory of thermodynamics, the sensible enthalpy can be written 

as in Equation 5,

                            (5)ℎ = ℎ𝑟𝑒𝑓 + ∫𝑇
𝑇𝑟𝑒𝑓

𝐶𝑝𝑑𝑇

where  (kJ/kg) is the reference enthalpy at the reference temperature  (°C). ℎ𝑟𝑒𝑓 𝑇𝑟𝑒𝑓

The latent heat can be calculated by Equation 6,

                                 (6)∆𝐻 = 𝛽𝐿

where  (kJ/kg) is the material’s latent heat and  is the liquid fraction defined by 𝐿 𝛽

Equation 7,
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        (7)𝛽 = { 0          𝑖𝑓     𝑇 ≤ 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
𝑇 ― 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠

𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 ― 𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠
    𝑖𝑓     𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 < 𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

1          𝑖𝑓     𝑇 ≥ 𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠

2.2.3 Grid independence study

Iron box model

To determine a reasonable grid quantity for the model to save computational time, a 

mesh study was necessary. According to the results of the mesh study, the difference 

between the average side-surface temperature for cases with 0.9 and 1.5 million 

elements was found to be 0.08%. Since the difference was minor, a grid size of 0.9 

million was retained. The grid of the iron box model is shown in Figures 7a and 7b.

Convection melting ice model

According to the results of the mesh study, the difference between the average outlet 

velocity in the gap for cases with 1.6 and 3.6 million elements was found to be 0.13%. 

In addition, the difference for the average gap outlet temperature was found to be 0.08%. 

Therefore, a grid size of 1.6 million was retained due to these minor differences. The 

grid of the convection melting model is shown in Figure 7c.

Gravity shedding melting model

Grids with 2.3, 5.9 and 8.7 million cells were selected for the grid independence study. 

The difference between the average of gap outlet velocity for cases with 2.3, 5.9 and 

8.7 million elements were 0.23% and 0.07%, respectively, and they were 0.18% and 

0.06%, respectively, for average of gap outlet temperature. Because of these minor 

differences, a grid size of 5.9 million was maintained. The grid of the gravity shedding 

melting model is depicted in Figure 7d.
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(a) (b)

(c) (d)

Figure 7: Distribution of the grid. (a) Iron box model; (b) a portion of the iron box 

model; (c) convection melting ice model; (d) gravity shedding melting model.

2.2.4 Model validation 

According to the general algorithm used for calculating windshield defrosting in the 

automotive industry [3, 9, 25], the calculations for the deicing process were performed 

in two steps in this study. The first step was to calculate the steady flow field in the air 

region, including both velocity and temperature fields, to obtain the air region 

parameters for heat exchange with ice in the air region state. Based on the calculation 

results from step 1, the transient calculation was begun; in this calculation, the ice 

region was coupled with the previously calculated air region. The ice body gradually 
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melts according to the heat exchange capacity at different positions to obtain the 

resulting melting degree at each moment of the deicing process. This algorithm can 

predict the melting process quickly and efficiently under the condition of limited 

computing resources, and it was conducive to the convergence of numerical 

calculations and a guaranteed error range.

Turbulence model 

Most studies on hot-air melting of ice have used either the RNG k-ε model or the 

standard k-ε turbulence model, with the RNG k-ε turbulence model being considered 

the most efficient and economical model for simulating indoor air flow in ground 

buildings [26, 27]. Many comparative studies have shown that the RNG k-ε turbulence 

model is superior to the standard k-ε turbulence model in overall simulation 

performance, and it is widely used for airflow simulation for enclosed environments 

[26-28]. Wu et al. [10] have used the RNG k-ε turbulence model to simulate unenclosed 

hot-air ice-melting systems and have obtained suitable design schemes under several 

working conditions.

To verify the reliability of the turbulence model for ice-melting systems, the measured 

values from the experiment were compared with the simulated values, with measured 

points shown in Figure 8. Since the measuring points should be positioned in advance, 

they could not be rearranged after the train body arrived. In this study, two points were 

positioned at the bottom of the train because of the limited number of instruments. The 

comparison results are shown in Figure 9. Comparing the X velocity (velocity in the 

horizontal direction) between experimental and simulation values, the average error 

was found to be 26% in the Standard k-ε turbulence model, and it was 17% in the RAN 

k-ε turbulence model. It can be seen that the simulated values agreed well with the 

experimental values, so it was believed that the RAN k-ε turbulence model had 

accuracy and reliability for use in this study.

In the first step, the coupling of pressure and momentum equations was achieved using 
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the SIMPLE algorithm. In the second step, unsteady state calculation was completed 

using the PISO algorithm. Because of the high Reynolds number of turbulent flow, the 

RAN k-ε turbulence model in the Reynolds time-average equation (RAN) of two-

equation models was used. The melting phase-transformation process was modeled by 

the “enthalpy method” porous medium [29] model. The differential discretization had 

a first-order upwind difference format. The solid wall was the nonslip wall.

Figure 8: Velocity diagram of the experimental point cross-section 

Figure 9: Changes in the vector magnitude of horizontal velocity (X velocity) with 

position
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The solidification melting model and the energy model

The solidification melting model in FLUENT is capable of simulating a solid-liquid 

phase change in both pure and mixed materials; therefore, it was used for simulating 

the ice melting process in this study. Additionally, for the ice melting process with heat 

conduction, energy equations in FLUENT were used.

To verify the reliability of the solidification melting model and the energy model for 

ice-melting systems, both wall temperature and air temperature were compared for 

between their monitored values and predicted values, in Figure 10 and Figure 11, 

respectively. The comparisons gave an average absolute deviation of 0.7 K for wall 

temperature and of 1.5 K for air temperature, indicating good agreements between the 

two datasets and adequate prediction accuracy of the model. 

 

Figure 10: Comparison of monitored and predicted wall temperatures in the iron box
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Figure 11: Comparison of monitored and predicted air temperatures in the enclosed 

hot-air melting system

2.2.5 Simulation conditions 

Since the channel components allowed setting the maximum temperature, the 

maximum air supply temperature for the simulation was set at 75°C. Since the heater 

allowed setting the maximum air supply velocity, the maximum air supply velocity in 

the simulation was set as 13 m/s.

Due to its high porosity and low density, the density of new snow was between one-

twelfth and one-fifth of solid ice, while the density of compacted snow was at least one-

fifth of solid ice [30]. According to observations on the scene, there were many pores 

in the ice attached to the bottom of the train unit, with only a small amount of solid ice 

and much new snow or compacted snow. Therefore, it was more reasonable to use 

compacted snow when comparing ice melting time, and its density was one-fifth that 

of solid ice. In the remaining part of this paper, it is referred to as ice body.

The reference standard for the process of melting ice was liquid fraction, with an initial 

liquid fraction of 0 and a final liquid fraction of 1. The overall melting time was taken 

to be the time when the liquid fraction became 1.

3 Results
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3.1 Convection melting

Table 2 shows the measured heat flux densities under different air supply conditions. 

When velocity was increasing, the heat flux caused by forced convection was increasing 

as well, complying with findings from existing studies [31-33]. 

Table 2. Heat flux densities under different conditions (unit: W/m2)

6 m/s 8 m/s 10 m/s 13 m/s

55°C 573 690 799 955

65°C 677 815 944 1129

75°C 782 941 1089 1303

Figure 12: Comparison of melting time per millimeter of the ice body for different air 

supply conditions.

Figure 12 shows the ice melting time at different velocities. Different air supply 
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velocities of 6 m/s, 8 m/s, 10 m/s and 13 m/s were selected for the simulation to identify 

the influence of supply velocity on melting ice. The simulation results showed that the 

ice melting time was shorter at high velocity conditions, but there was no obvious linear 

correlation between melting time and velocity. When the velocity reached a certain 

level, the ice melting time did not change significantly with a further increase in 

velocity. In addition, increasing air supply flow excessively will result in significant 

waste of energy [34].

Different air supply temperatures, namely, 55°C, 65°C and 75°C, were selected to 

identify the influence of supply temperature on melting ice. Simulation results showed 

that when increasing the supply air temperature, the melting time was shortened 

accordingly, with a nearly linear relationship. Additionally, when increasing the supply 

air temperature, the energy consumed by the heaters increased significantly, which may 

impact the electrical components of the train chassis as well [35].

3.2 Gravity shedding melting

3.2.1 Iron box experiment and simulation

In the experiment, the ice body fell at 26 mins. To obtain the shedding time of the ice 

body in the simulation, it is necessary to investigate the critical condition of the falling 

time of the ice body. The critical condition for the ice body's falling means that the ice 

layer begins to fall after reaching a certain distance and a certain liquid fraction. The 

critical condition was estimated by the theoretical formula and corrected using both 

experimental results and simulation results. The theoretical formula is given by 

Equation 8. 

                                (8)𝑎 =
𝑞𝑡
𝜌𝐿

where a is characteristic distance (m), the distance between the ice and the bottom of 

trains; q is heat flux density (W/m2); t is time (s);  is density of ice body (kg/m3); and 𝜌

L is latent heat of melting ice body (J/kg).
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Using Equation 8, the characteristic distance was obtained as 0.29 mm. It was 

conservatively estimated that the characteristic distance of monitoring was 0.25 mm in 

the CFD simulation.

In the simulation, the average liquid fraction at the characteristic distance of 0.25 mm 

at 26 mins was 0.62; the average liquid fraction at the characteristic distance of 0.25 

mm at 30 mins was 0.71; the average liquid fraction at the characteristic distance of 

0.25 mm at 36 mins was 1. Due to the effect of gravity, the ice fell off before the liquid 

fraction became 1. The characteristic liquid fraction could be selected from the range 

0.62 to 0.71. In this range, if the selected characteristic liquid fraction was larger, the 

probability that the ice body falls off the train body was larger. In this study, the 

characteristic liquid fraction was selected as 0.7.

The main purpose of the iron box experiment was to provide shedding critical 

conditions for the more complex model formulated in Section 3.2.2. In this study, the 

critical conditions for ice body shedding were defined as a characteristic distance of 

0.25 mm and a liquid fraction of 0.7.

The liquid fractions in the central section of the iron box at different times in the 
simulation are shown in Figure 13.

(a) (b) (c)

Figure 13. Liquid fraction at different times in the central section: (a) 10 min; (b) 20 
min; (c) 30 min.
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3.2.2 Simulation of the enclosed hot-air ice-melting system

For the gravity shedding study, the boundary set in the simulation was applied in 

experimental conditions, with temperature set at 65°C and air supply velocity set at 13 

m/s. Figure 14 shows the monitored liquid fractions of the surface at different times.

(a) (b) 

(c) (d) 

Figure 14: Liquid fraction of the monitored surface at different times. (a) 5 min; (b) 

20 min; (c) 40 min; (d) 50 min.

In the simulation, the ice body shedding time was approximately 50 mins. Additionally, 

approximately 55 mins after the experiment began, it was observed that only a very 

small part of the ice body at the bottom of the train was not completely melted, and this 

part had to be knocked off manually. 
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4 Discussions

For the ice body, if it was melted only by natural convection melting, the speed of the 

melting process was found to be 1 mm/min, and only 50 mm could be melted within 50 

mins. According to conservative estimates, an 80 mm ice body could fall off within 50 

mins. Therefore, for thin ice bodies, convection melting is the dominant strategy, while 

for thick ice bodies, gravity shedding melting dominates.

4.1 Influential factors and improvement of the model for the convection melting 

of ice

4.1.1 Analysis of influential factors

For the train model with a vertical upward supply of air, an empirical formula for 

temperature and velocity versus heat flux density is given by Equation 9,

                (9)𝑞 = 14.34log10 𝑣(𝑇𝑖𝑛 ― 𝑇𝑖𝑐𝑒)

where q is heat flux density (W/m2); v is vertical air supply velocity (m/s);  is 𝑇𝑖𝑛

temperature of the supply air (°C); and  is initial temperature of the ice body (°C).𝑇𝑖𝑐𝑒

4.1.2 Model improvement

According to both experimental and simulation results, the horizontal velocity was only 

between 0.5 m/s and 1.3 m/s in the enclosed train body model, in which the heaters’ air 

supply velocity was set at 13 m/s. In the improved model, the air supply direction was 

changed to horizontal, as shown in Figure 15.
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Figure 15. Horizontal air supply model. (a) Schematic diagram of the model; (b) 

simulation calculation model. The red part is the interface between the ice and the air.

The heat flux densities under different working conditions are listed in Table 3.

Table 3. Heat flux densities under different conditions of the horizontal air supply 

model (W/m2)

0.5 m/s 1 m/s 2 m/s 4 m/s 6 m/s 8 m/s

55°C 1094 1228 1245 1348 1464 1526

65°C 1289 1447 1466 1588 1725 1798

75°C 1483 1666 1688 1828 1986 2070

In the improved model (horizontal air supply), the air supply velocity was greatly 

reduced at the heat flux density closest to the actual model, resulting in reduced energy 

consumption.

For the improved model, an empirical formula for temperature and velocity versus heat 

flux density is given by Equation 10,

               (10)𝑞 = 30.66log10 𝑣(𝑇𝑖𝑛 ― 𝑇𝑖𝑐𝑒)

where q is heat flux density (W/m2); v is horizontal air supply velocity (m/s);  is 𝑇𝑖𝑛

temperature of the supply air (°C); and  is initial temperature of the ice body (°C).𝑇𝑖𝑐𝑒

(a) (b)
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Therefore, the general empirical formula for heat flux density in ice melting conditions 

is given by Equation 11,

                      (11)𝑞 = 𝑎log10 𝑣(𝑇𝑖𝑛 ― 𝑇𝑖𝑐𝑒)

where a is a constant related to the air supply model.

The heat flow density had a linear correlation with the temperature difference when the 

air supply velocity was kept constant. The heat flux density was logarithmically 

correlated with the air supply velocity when the supply air temperature difference was 

kept constant.

4.2 Energy analysis for the actual vertical air supply model

The energy performance of the system can be indicated by two important parameters, 

namely, heat energy and energy utilization factor, as defined in Equation 12 [36, 37] 

and Equation 13 [10], respectively.

                                 (12)𝑄 = 𝑐𝑚Δ𝑇

where  is total system energy (kJ);  is specific heat capacity (kJ/kg·°C);  is 𝑄 𝑐 𝑚

mass of the supply air (kg); and  is temperature difference (°C).              𝛥𝑇

                                                          (13)𝜂 =
𝑇𝑠 ― 𝑇𝑝

𝑇𝑠 ― 𝑇𝑛

where  is energy utilization factor (-);  is supply air temperature (°C);  is 𝜂 𝑇𝑠 𝑇𝑝

exhaust air temperature (°C); and  is average air temperature in the working area 𝑇𝑛

(°C).
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Table 4. Comparison between the two systems

Supply air 

temperature (°C)

Exhaust air 

temperature (°C)

Average air 

temperature in 

the working area 

(°C)

Mass flow 

(kg/s)

Specific heat 

capacity 

(kJ/kg·°C)

Calculated 

energy (kW)

Actual 

energy 

(kW)

Energy 

utilization 

factor

Enclosed system 65.0 49.4 57.2 3.873 1.219 73.70 94.86 2.0

Unenclosed 

system [10]
60.0 52.8 54.4 5.880 1.219 51.61 — 1.3
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Table 4 shows a comparison between the enclosed system and the unenclosed system 

in terms of both temperature and energy demand. In the CFD simulation results, 

according to Equation 12, the energy provided was 73.70 kW under experimental 

conditions (supply air at 65°C and 13 m/s). The average electricity consumption was 

94.86 kW in the experiment. Due to the loss of electrical energy and heat loss caused 

by radiation, the energy consumption predicted by the simulation was less than the 

actual consumption. According to Equation 13, the energy utilization factor was 

calculated as 2.0 for the enclosed system. In comparison, the energy supplied to the 

train unit for melting ice was 51.61 kW, with an energy utilization factor of 1.3 under 

optimal conditions of the unenclosed system [10].

In summary, the enclosed hot-air ice-melting system can provide more energy and has 

a higher energy utilization coefficient than the unenclosed system. This can help to 

reduce energy consumption by nearly 50%. 

4.3 The influence by physical parameters of the ice body

In reality, the geometry of ice body at the bottom of trains was irregular. This study has 

selected a thick ice body for investigation, and relevant geometrical information, such 

as thickness and shape may be different from the experimental setting here in real 

applications. Normally, the actual thickness of ice bodies in reality will be rarely higher 

than the tested thickness in this study. With a thinner ice body, the shedding time would 

be shorter, but with similar heat flux density if air supply conditions are not changing. 

In this study, a cuboid-shaped ice body has been selected but in reality the geometry 

may be in other forms, such as in inverted conical. This difference may lead to different 

contact areas, and hence different heat transfer efficiency. Additionally, ice bodies with 

different shapes may also have different gravity. These differences will then in turn 

affect the shedding time and the impact will be explored further in future studies.

5 Conclusions

The ice accumulated in a bogie chassis affects the stability of system operation, which 
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may cause serious safety issues. Therefore, solving this icing issue is extremely 

important for train transportation. Based on an enclosed hot-air melting system, this 

study investigated both natural convection ice melting and gravity shedding ice melting 

using experiment and simulation methods. This study has two main contributions: 

firstly, the study proposed a new method for calculating gravity shedding melting in 

complex models; secondly, the ice melting characteristics (heat flux, melting time) 

under different working conditions were provided for the design of the railway ice 

melting systems.

Obtained through both field experiments and CFD simulations, some main findings 

from this study are summarized as followings:

1) this study has confirmed the ice melting performance under different working 

conditions and has proposed a relationship between melting ice and heat flux density 

under natural convection melting;

2) through a combination of experiments and simulations, a new method for 

calculating gravity shedding melting in complex models has been adopted and 

validated; 

3) a comparison between unenclosed and enclosed ice-melting systems revealed that 

the latter was much more energy efficient.

This study gives a good support of using enclosed systems for railway ice-melting, due 

to its advantages in both energy consumption and time. The heat flux of ice melting 

under different working conditions (based on simulation) identified in this paper can 

also be used to guide parameter selection of such systems to better fit requirements in 

field work. However, due to limitations in terms of available materials, labor and time, 

sufficient field measurements were not collected to validate the correlation established 

in this study (although the CFD simulation work has been calibrated), between supply 

air velocity and temperature difference between the inlets and the outlets of heaters. 

This work will be carried out in the future to strengthen the method introduced in this 
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paper.
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