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Abstract: Snow interacting with a high-speed train can cause the formation of ice in the train bogie region and affect its safety. In this study, a wind-snow multiphase numerical approach is introduced for high-speed train bogies on the basis of the Euler-Lagrange discrete phase model. A particle-wall impact criterion is implemented to account for the presence of snow particles on the surface. Subsequently, numerical simulations are conducted, considering various snow particle diameter distributions and densities. The research results indicate that when the particle diameter is relatively small, the distribution of snow particles in the bogie cavity is relatively uniform. However, as the particle diameter increases, the snow particles in the bogie cavity are mainly located in the rear wheel pairs of the bogie. When the more realistic Rosin-Rammler diameter distribution is applied to snow particles, the positions of snow particles with different diameters vary in the bogie cavity. More precisely, smaller diameter particles are primarily located in the front and upper parts of the bogie cavity, while larger diameter snow particles accumulate at the rear and in the lower parts of the bogie cavity.
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Nomenclature



	
u¯j

	Average of the jth component of air velocity



	
xj

	The jth component of the rectangular coordinate



	
ρ

	Air density



	
u¯i

	Time average of the ith component of air velocity



	
p¯

	Time average of air pressure



	
xi

	The ith component of the rectangular coordinate



	
τ¯ij

	Time average of viscous stress tensor



	
−ρu′iu′j¯

	Reynolds stress



	
ui′

	Pulsation value of ith component of air velocity



	
uj′

	Pulsation value of jth component of air velocity



	
Mi

	The exchange the ith component for interphase momentum



	
μt

	Turbulent viscosity



	k
	Turbulence kinetic energy



	
u¯k

	Average of the kth component of air velocity



	
xk

	The kth component of the rectangular coordinate



	
δij

	Kronecker delta



	ω
	Specific dissipation



	
Γk

	Effective diffusivity of k



	
Gk

	Turbulence generator term of k



	
Yk

	Turbulent dissipation term of k



	
Γω

	Effective diffusivity of ω



	
Gω

	Turbulence generator term of ω



	
Yω

	Turbulent dissipation term of ω



	
Dω

	Cross-diffusion terms



	
mp

	Particle mass



	
u→p

	Particle velocity



	
u→

	Fluid velocity



	
ρp

	Particle density



	
F→

	Additional force



	
τr

	Particle relaxation time 
τr=ρpdp218μ24CdRe




	
dp

	Particle diameter



	
μ

	Fluid viscosity



	
Re

	The relative Reynolds number 
Re≡ρdp|up→−u→|μ




	
Uref

	Train operating speed



	
Δt

	Time step



	
Δx

	Mesh size



	
d

	Snow diameter



	
Yd

	The mass fraction of a snow particle with a diameter greater than 
d




	
d¯

	Average particle diameter



	
n

	Particle diameter distribution parameter





1  Introduction

Due to its large capacity, high running speed, and low freight, railway transportation has become a crucial mode for both goods and people [1]. However, a snowy environment may result in various operational problems [2]. Snow accumulation on bogies can occur due to the wind-snow flow generated by railway vehicles operating on snow-covered routes in cold climates. This accumulation will impede the motion of the suspension system, potentially affecting the function of the braking mechanism.

The motion of snow has been analyzed in previous research by studying the characteristics of airflow. Guo et al. [3] systematically discussed the influence of the geometric complexity of bogies on train aerodynamics. You et al. [4] investigated the flow field in the bogie region under rotating wheel conditions. Xia et al. [5] studied the flow characteristics at the rear section of a train by using a separated vortex model. Zhang et al. [6] analyzed the impact of ground and wheel boundary conditions on train aerodynamics. It is certain that the airflow under the train will affect the motion of snow particles [7,8].

Computational fluid dynamics (CFD) has been a popular tool for predicting snowdrifts around buildings as computer technology has advanced [9–11]. The Euler-Euler and Euler-Lagrange models widely employed approaches, stand out among numerous multiphase flow models. The discrete phase model (DPM) has been proven to exhibit high precision in solving problems related to gas-solid two-phase flow [12,13]. Paradot et al. [14] employed DPM to compute snow accumulation on bogie and verified the results using experimental data. Wang et al. [15] analyzed the effect of bogie cavity shapes on snow accumulation and found that an inclined rear plate could reduce and prevent snow accumulation compared to a straight rear plate. Cai et al. [16] analyzed the impact of deflector devices on the motion of snow. Kamata et al. [17,18] investigated a method for estimating the amount of snow accretion on bogies. Wang et al. [19] studied the accumulation of snow and ice on non-powered bogies of urban rail trains and pointed out that the lower part of the bogie had more accretion amount than the upper part. Gao et al. [20,21] utilized the DPM to investigate the motion, accumulation, and flow of snow around bogie. Lan et al. [22] investigated the effect of various shapes of snow particles on snow accumulation in the bogie region and pointed out that using spherical snow particles would result in the most accumulation on the surfaces of the braking and suspension system. Clifton et al. [23], based on wind tunnel experiments, improved the snow saltation model using the Euler-Lagrange method. Zhang et al. [24] studied the impact of snow parameters on bogie snow accumulation using the Euler-Lagrange method.

Currently, most studies of snow accumulation on bogies employed uniform particle diameters. However, in nature, the diameters of snow particles are non-uniform [25]. Therefore, it is necessary to comprehensively explore the impact of diameter distribution on snow accumulation in the bogie region. This study establishes an aerodynamic model of the train bogie under snowy conditions, utilizing the Euler-Lagrange model. Additionally, it explores the effect of different particle diameter distributions and snow densities on the snow motion in the bogie region.

2  Numerical Methods

2.1 Continuous Phase Model

The train speed used in this study is 200 km/h (Ma < 0.3). Hence, the flow field surrounding the train adopts the steady incompressible Reynolds-averaged Navier-Stokes equation.

The continuous phase governing equations [26] include the mass Eq. (1) and the momentum Eq. (2):


∂u¯j∂xj=0
(1)


ρ∂(ρu¯ju¯i)∂xj=−∂p¯∂xi+∂τ¯ij∂xj+∂∂xj(−ρu′iu′j¯)−Mi
(2)

where 
u¯j
is time average of the jth component of air velocity, 
xj
is the jth component of the rectangular coordinate, 
ρ
is the air density, 
u¯i
is time average of the ith component of air velocity, 
p¯
is the time average of air pressure, 
xi
is the ith component of the rectangular coordinate, 
τ¯ij
is the time average of viscous stress tensor, 
−ρu′iu′j¯
is the Reynolds stress, 
ui′
is pulsation value of ith component of air velocity, 
uj′
is pulsation value of jth component of air velocity, 
Mi
is the exchange the of the ith component for interphase momentum.

The Boussinesq hypothesis is a frequently used approach for connecting Reynolds stresses with mean velocity gradients:


−ρu′iu′j¯=μt(∂u¯i∂xj+∂u¯j∂xi)−23(ρk+μt∂u¯k∂xk)δij
(3)

where 
μt
is the turbulent viscosity, which depends on turbulence kinetic energy k and its rate of dissipation ε, 
u¯k
is time average of the kth component of air velocity, 
xk
is the kth component of the rectangular coordinate, 
δij
is Kronecker delta.

The SST k-ω model combines the computational advantages of both the k-ω and k-ε models, resulting in higher accuracy and reliability [27]. Its expression is:


ρ∂(ku¯i)∂xi=∂∂xj(Γk∂k∂xj)+Gk−Yk
(4)


ρ∂(ωu¯i)∂xi=∂∂xj(Γω∂ω∂xj)+Gω−Yω+Dω
(5)

where ω is the specific dissipation, 
Γk
and 
Γω
are effective diffusivity of k and ω, respectively, 
Gk
is the generation of k due to mean velocity, 
Gω
is generation of ω, 
Yk
and 
Yω
are dissipation of k and ω due to turbulence, 
Dω
is cross-diffusion term.

The expressions for all additional constants (
Γk
, 
Γω
, 
Gk
, 
Gω
, 
Yk
, 
Yω
, and 
Dω
) are provided in reference [28] and will not be reiterated here.

2.2 Discrete Phase Model

The discrete phase is simulated using the Lagrange method. The current research assumes that snow particles are spheres, and the interaction between each snow particle is neglected. In addition, the snowy condition is simulated using a two-way coupled model [29,30]. The force balance equation is [31]:


mpdu→pdt=mpu→−u→pτr+mpg→(ρp−ρ)ρp+F→
(6)

where 
mp
is particle mass, 
u→p
is particle velocity, 
u→
is fluid velocity, 
ρp
is particle density, 
ρ
is fluid density, 
τr
is particle relaxation time, and its expression is 
τr=ρpdp218μ24CdRe
, 
dp
is particle diameter, 
μ
is fluid viscosity, and 
Re
is relative Reynolds number and its expression is 
Re≡ρdp|u→p−u→|μ
, 
F→
is the additional force, which includes the virtual mass and pressure gradient forces. In this study, the additional forces can be ignored.

The time step for a transient solution must fulfill a Courant number (CFL) smaller than 1 [32]. Based on Eq. (7), the time step for the transient is 5e-4s.


CFL=UrefΔtΔx
(7)

where 
Uref
is operating speed, 
Δt
and 
Δx
are the time step and mesh size, respectively.

2.3 Rosin-Rammler Diameter Distribution

The snow particle diameters are described using the Rosin-Rammler diameter distribution, which is expressed as follows:


Yd=e−(d/d¯)n
(8)

where 
d
is diameter of snow particles, 
Yd
is mass fraction of snow particles with a diameter greater than 
d
, 
d¯
is average particle diameter, and 
n
is particle diameter distribution parameter.

3  Computational Model and Verification

3.1 Computational Domain and Meshing

The multiphase flow in a snowy condition is relatively complicated and requires a significant amount of calculation. A geometric model is established, consisting of a power bogie and a simplified train body. Fig. 1 illustrates the computational domain.
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Figure 1: Computational domain

To achieve higher simulation accuracy, mixed meshes of hexahedral and tetrahedral are used to generate the mesh, and two refinement boxes are established around the train. The bogie and the train body surface are divided into ten boundary layers, with an initial height of 0.01 mm and a height ratio of 1.2. The computational mesh consists of approximately 26 million meshes. Fig. 2 displays the computational mesh.
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Figure 2: Computational mesh

3.2 Boundary Conditions and Simulation Settings

In this paper, a pressure-based solver was employed, and the pressure and velocity fields were coupled through the SIMPLE algorithm. For spatial discretization, diverse formats were utilized to handle different terms, ensuring the accuracy of the simulation. In the process of spatial discretization, the gradient item utilized a least-squares cell-based scheme, the pressure item employed a second-order scheme, and the momentum item, turbulent kinetic energy, and turbulent discretization rate were treated with a second-order upwind scheme. Additionally, to ensure temporal accuracy, a first-order implicit format was chosen for temporal discretization, ensuring stability and reliability in the numerical simulation along the time dimension. The continuous phase solution has 20 iterations per time step, with a time step of 5e-4s. The trajectory of the particle was simulated utilizing the unsteady particle tracking method, and an automatic tracking scheme was used.

Snow particles were released beneath the train body from an injection surface. As seen in Fig. 3, the injector was positioned under the bogie cavity, with a width of 4 m and a height of 0.4 m [33].

[image: images]

Figure 3: Arrangement of the particle injection

In the numerical simulation, a rotating wall was applied to the wheel with a rotating velocity of 120 rad/s. Table 1 presents the specific boundary conditions.

[image: images]

Two types of diameter distributions are used for snow particles: the uniform diameter distribution and the Rosin-Rammler diameter distribution. When employing the uniform diameter distribution, snow particle diameters are chosen to be 0.1, 0.2, 0.4, and 0.75 mm, respectively. When the Rosin-Rammler diameter distribution is adopted, this paper sets an average diameter of 0.4 mm for snow particles, with minimum and maximum diameters of 0.1 and 0.75 mm, respectively. The density of snow particles depends on latitude and snowfall duration, ranging from 50 to 500 kg/m3 [34]. Consequently, the densities of snow particles are 50, 150, 250, 350, and 500 kg/m3, respectively. The calculation conditions are displayed in Table 2.

[image: images]

Snow particles may adhere, shear or bounce when they collide with the bogie surface. The criteria for capturing snow particles are proposed by Trenker et al. [35]. These criteria are associated with both the critical friction wind speed and the critical capture angle [36,37]. When the incident angle of particles exceeds the critical capture angle, a rebound phenomenon occurs, causing the particles to quickly leave the surface. Conversely, if the incident angle is smaller than the critical capture angle, the adhesion of particles to the surface is determined based on the friction wind speed at the point of collision. This determination relies on comparing the friction wind speed of snow particles at the collision point with the designated critical friction wind speed. If the wind speed of friction is below the critical value, adhesion occurs; otherwise, the particles are blown away. To present the research results more clearly, Fig. 4 illustrates the impact results of snow particles on a surface. The critical capture angle is 60°, and the critical wind speed of friction is 1 m/s. Additionally, the normal rebound coefficient and tangential rebound coefficient are 0.01 and 0.2, respectively.
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Figure 4: Impact results of snow particles on a surface

3.3 Mesh Independence Verification

To validate the independence of the mesh, this study employs three meshes with different parameters (coarse, medium and fine mesh). The boundary layer settings remain consistent across all three meshes, with the only difference being in the mesh parameters for the train surface and refinement boxes. Table 3 presents the key parameters for each mesh set. The pressure coefficients along the centerline, positioned 0.2 m below the bottom of the train, are calculated for the three meshes [38], as shown in Fig. 5. When compared to the results obtained using the fine mesh, the maximum error observed with the coarse mesh is 6.3%, while that with the medium mesh is 2.6%. To balance computational efficiency and accuracy, the medium mesh is selected for subsequent simulation calculations.
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Figure 5: Pressure coefficients along the centerline under the bogie

4  Results and Discussion

This study employs a method to extract three key slices for analyzing flow characteristics. These slices are positioned at the central locations of the wheel, gearbox, and bogie, ensuring comprehensive coverage of flow characteristics in critical areas. Fig. 6 clearly illustrates the exact locations of these three slices.
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Figure 6: Positions of slices in bogie region

4.1 Flow Field Characteristic Analysis

Fig. 7 shows the velocities and streamlines in the bogie region at three designated slice positions. When the airflow bypasses the bottom of the bogie, an upward airflow is created behind the rear wheel at Slice 1, following the wheel’s rotation. Furthermore, due to the lower position of the wheel compared to the train body, when airflow impacts the windward side of the lower wheel, it is more likely to flow upward, leading to only one vortex formed above the front section of the rear wheel. As can be seen from Slice 2, a vortex is generated at the front wheel axle as the wheel rotates. Due to the small distance between the gearbox and the rear end plate, a vortex is generated in that space. On Slice 3, two vortices are generated, one located above the front motor and the other in front of the rear motor. Due to the large gap between the rear motor and the rear end plate, the airflow is more likely to flow out of the bogie cavity.

[image: images]

Figure 7: Flow velocity and streamline distribution in the bogie region

4.2 Effect of Different Particle Diameter Distributions on Snow Motion

Fig. 8 illustrates the distribution of snow with different diameters. When snow particle diameter is 0.1 or 0.2 mm, influenced by the rear wheels, the snow will cover the entire bogie cavity. As the bogie is positioned lower than the train body, an upward trend in the motion of snow particles is observed when they reach the front motor area of the bogie. As the particles diameter increases, their ability to move upward around the front motor of the bogie decreases due to gravity. However, some snow particles may still enter the bogie cavity due to the rear wheels. Thus, when the diameter of the snow particles is large, they are mainly located in the rear wheel pairs of the bogie.

[image: images]

Figure 8: Distribution of snow with different diameters

Snow distribution resembles that of small snow particles when using the Rosin-Rammler diameter distribution to simulate the snow particles. However, a higher concentration of snow particles is observed on the rear end plate, as shown in Fig. 9. When adopting the Rosin-Rammler diameter distribution, small diameter particles are mainly located at the front of the bogie cavity, whereas in the rear part, both small and large diameter particles coexist. Therefore, the concentration of snow is greater at the rear than at the front.

[image: images]

Figure 9: Distribution of snow particle diameters

Fig. 10 shows the concentration of snow particles with various particle diameters at different slices. As the particle diameter increases, gravity plays an increasingly significant role in particle movement. As a result, a lower concentration of snow is observed in the upper part. When the particle diameter is 0.75 mm, only a few particles are present at the rear. When utilizing the Rosin-Rammler diameter distribution, the concentration distribution of snow is comparable to that of snow particles with a 0.2 mm diameter. However, the concentration of snow on the rear end plate is greater than that of particles with a 0.2 mm diameter.

[image: images]

Figure 10: Distribution of snow concentration with different diameters at the slices: (a) 
dp=0.1mm
, (b) 
dp=0.2mm
, (c) 
dp=0.4mm
, (d) 
dp=0.75mm
, (e) the Rosin-Rammler diameter distribution

4.3 Effect of Snow Density on Snow Motion

The latitude and duration of snow accumulation have an impact on the density of snow. For the purposes of this study, various snow particle densities are selected for simulation. The calculation results are shown in Fig. 11, with Fig. 9 illustrating a snow density of 250 kg/m3. Under lower-density conditions, snow particles are able to rise after impacting the bogie. When the density of 50 kg/m3, more snow particles are observed at the front of the bogie cavity. It should be noted that low density, especially 50 kg/m3, is present only briefly in newly formed dry snow particles. As the particle density increases, a higher snow concentration is observed in the rear part.

[image: images]

Figure 11: Distribution of snow particle diameters with different densities

When the snow density of 50 kg/m3, there is a higher probability of larger diameter particles entering the bogie cavity because of the lower gravity. However, with a density of 150 kg/m3, larger diameter particles in the bogie cavity are predominantly found in the rear wheel pairs of the bogie due to increased gravity. When the density is 350 kg/m3, the impact of gravity becomes more significant. It has been observed that smaller diameter particles are mainly located in the front and upper parts of the bogie cavity, while larger diameter snow accumulation is in the rear and lower parts of the bogie cavity. When the density reaches 500 kg/m3, the increased gravity prevents snow particles with a larger diameter from entering the bogie cavity. At the bottom, snow stratifies due to gravity, with larger particles mainly accumulating in the lower layer.

Fig. 12 displays the concentrations of snow at various densities in the bogie region at different slices. As particle density increases, a lower snow concentration is observed in the upper part of the bogie cavity. At a density of 50 kg/m3, the concentration is relatively high in all slices. However, at a density of 500 kg/m3, fewer snow particles are present in the bogie cavity, and most of them accumulate at the bottom. When the densities of snow particles are 150, 250, and 350 kg/m3, the concentration distributions are similar. In Slice 1, the concentration of snow particles is relatively high between the two wheels. In Slice 2, the snow particles mainly accumulate in the low-speed vortices located at the front wheel axle and the rear of the gearbox. In Slice 3, the snow particles mainly accumulate in the vortices above the front motor, in front of the rear motor, and on the rear end plate of the bogie cavity.
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Figure 12: Distribution of snow particle concentration with different diameters at the slices: (a) 
ρp=50kg/m3
, (b) 
ρp=150kg/m3
, (c) 
ρp=250kg/m3
, (d) 
ρp=350kg/m3, (e) 
ρp=500kg/m3

5  Conclusion

1.    When the uniform diameter distribution is applied to simulate snow particles, small diameter particles cover the entire bogie cavity. As the particle diameter increases, the impact of gravity becomes more significant. Therefore, larger snow particles are mainly situated around the rear wheels.

2.    When the Rosin-Rammler diameter distribution is used to simulate snow particles, the positions of particles with various diameters vary in the bogie cavity. Smaller diameter particles are mainly located in the front and upper parts of the bogie cavity, while larger diameter particles accumulate in the rear and lower parts of the bogie cavity.

3.    Within a certain range, the variation in snow particle density has a small influence on snow distribution. The decrease in the diameter of particles in the bogie cavity is observed as the particle density increases.

4.    As the diameter and density increase, a lower snow concentration is observed in the upper part.
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Table 1: Boundary condition setting

Boundary region Boundary conditions of air phase Boundary conditions of snow particle phase
Inlet Velocity inlet Escape
Outlet Pressure outlet Escape

Side-wall & up-wall ~ Symmetry —

Ground Moving wall: transition Escape
Wheels Moving wall: rotation Reflect
Bogie (except wheels) No-slip wall UDF

Simplified train body No-slip wall Reflect






OEBPS/Images/table-3.png
Table 3: Mesh information

Computational Simplified train surface Bogie surface Mesh total
mesh mesh (mm) mesh (mm) (million)
Coarse mesh 22 11 20
Medium mesh 20 10 26

Fine mesh 18 9 33
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Table 2: Calculation condition of snow particle parameter change

Test Diameter Density Test Distribution Density

| 0.1 mm 250 kg/m’ 5 Rosm-Rammler 250 kg/m’
2 0.2 mm 250 kg/m’ 6 Rosm-Rammler 50 kg/m’
3 0.4 mm 250 kg/m’ 7 Rosm-Rammler 150 kg/m’
4 0.75 mm 250 kg/m’ 8 Rosm-Rammler 350 kg/m’
5 Rosin-Rammler 250 kg/m’ 9 Rosm-Rammler 500 kg/m’
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