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Abstract.  In this study, two steady RANS turbulence models (SST k–ω and Realizable k–ε) and four unsteady 
turbulence models (URANS SST k–ω and Realizable k–ε, SST–SAS, and SST–IDDES) are evaluated with respect to 
their capacity to predict crosswind characteristics on high-speed trains (HSTs). All of the numerical simulations are 
compared with the wind tunnel values and LES results to ensure the accuracy of each turbulence model. Specifically, 
the surface pressure distributions, time-averaged aerodynamic coefficients, flow fields, and computational cost are 
studied to determine the suitability of different models. Results suggest that the predictions of the pressure distributions 
and aerodynamic forces obtained from the steady and transient RANS models are almost the same. In particular, both 
SAS and IDDES exhibits similar predictions with wind tunnel test and LES; therefore, the SAS model is considered 
an attractive alternative for IDDES or LES in the crosswind study of trains. In addition, if the computational cost needs 
to be significantly reduced, the RANS SST k–ω model is shown to provide relatively reasonable results for the surface 
pressures and aerodynamic forces. As a result, the RANS SST k–ω model might be the most appropriate option for the 
expensive aerodynamic optimizations of trains using machine learning (ML) techniques because it balances solution 
accuracy and resource consumption. 
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1. Introduction

Over the past few decades, the number of rail passengers has grown rapidly, making high-speed 

trains (HSTs) a relatively popular means of transportation compared to cars or airplanes (Niu et al. 

2017). As HSTs have evolved to be lighter and faster, crosswind stability and operational safety have 

become extremely important themes (Baker et al. 2009; Cheli et al. 2012). HSTs caught in 
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crosswinds are often surrounded by complex and irregular turbulent vortices, which greatly increase 

the risk of overturning and derailing (Krajnović et al. 2012; Chen et al. 2021). Therefore, it is 

necessary to study the aerodynamic characteristics of HSTs running under crosswinds. 

In general, three different methods, including full-scale measurements (Baker et al. 2004; Gao et 

al. 2021), wind tunnel tests (Bocciolone et al. 2008; An et al. 2020; Li et al. 2021), and numerical 

simulations (Chen et al. 2020; Guo et al. 2020), are used to assess the crosswind characteristics of 

HSTs. Compared with the huge difficulties of full-scale measurements and the high costs of wind 

tunnel tests, numerical simulation is a convenient and economical prediction approach (Huo et al. 

2020). With the development of the CFD technique, different turbulence models have been 

successfully employed to deal with the crosswind issues of HSTs, such as aerodynamic loads, 

pressure distributions, and flow fields (Baker 2010; Zhao et al. 2015; Liu et al. 2018; Wang et al. 

2018; Jiang et al. 2021). 

Currently, the Reynolds-Averaged Navier–Stokes (RANS) is an extensively approved method in 

engineering applications due to its relatively low computational cost (Catanzaro et al. 2010). 

However, the steady RANS model is inappropriate for the simulation of massively separated flows 

surrounding trains subjected to crosswinds (García et al. 2015). By preserving the transient term, 

the unsteady RANS (URANS) model could capture the larger-scale turbulent vortices. Large-eddy 

simulation (LES) is considered to be a reliable method to predict complicated flow structures around 

HSTs under crosswinds, although its resource consumption is extremely enormous (Hemida and 

Krajnović 2009). Combining the superiorities of the RANS model and LES, a hybrid model, i.e., 

detached eddy simulation (DES), was proposed by Spalart and Shur (Spalart and Shur 1997). 

Meanwhile, DES has been successfully used in the study of train aerodynamic characteristics in 

crosswinds (Krajnovic 2008; Chen et al. 2018). Nevertheless, the inherent drawbacks of the DES 

model bring challenges to its application, such as modeled-stress depletion (Menter and Kuntz 2004). 

To overcome these problems, the delayed DES (DDES) model was constructed (Spalart et al. 2006), 

and improved delayed DES (IDDES) model was further developed as a more advanced model (Shur 

et al. 2008). In addition, scale-adaptive simulation (SAS) (Menter and Egorov 2010) has been 

introduced to deal with a series of problems with train aerodynamics in recent studies. Direct 

numerical simulation (DNS) is not normally recommended for complex calculations because of its 

Reynolds number limitation and tremendous computational demands (Morden et al. 2015). 

Since better solution accuracy is often related to higher computational cost, it is crucial to choose 

a suitable turbulence model according to the target requirements; that is to say, a compromise needs 

to be considered to choose a turbulence model. Based on the surface pressures upon a class 43 HST 

from a wind tunnel test for a 0° yaw angle, Morden et al. (Morden et al. 2015) compared the 

predictions of five RANS models and two DES methods with experimental data. They found that 

the DDES method could better reproduce the results of the wind tunnel test. Wang et al. (Wang et 

al. 2017) adopted three unsteady turbulence models to evaluate their performances in terms of 

predicting the slipstream induced by a HST. Their results indicated that SAS might be an appropriate 

alternative for IDDES because the SAS model attained a similar degree of precision with less 

computational expense. Munoz-Paniagua et al. (Munoz-Paniagua et al. 2017) compared the 

performances of different turbulence models for the simulation of crosswind characteristics for a 

HST, and they concluded that the Explicit Algebraic Reynolds Stress Model (EARSM) could 

provide relatively reasonable results with consideration of both the computational consumption and 

the solution accuracy. To choose an appropriate turbulence model, Li et al. (Li et al. 2019) conducted 

six different RANS models to determine the aerodynamic behaviors of an ICE2 model under 

crosswinds. Compared to wind-tunnel data, the Shear Stress Transport (SST) k–ω model exhibited 



better prediction results for the lateral and lift forces than other models. In addition, Maleki et al. 

(Maleki et al. 2017) assessed the ability of RANS, URANS, SAS, and ELES to predict the flow 

field and forces on a double-stacked freight wagon at a 0° yaw angle. Their results revealed that the 

SAS presented predictions that were highly similar to those of ELES and a wind tunnel test, though 

a RANS model might have been an attractive approach if only the pressure drag was needed. 

Based on the above analysis, the various turbulence models have different effects on the 

prediction of train aerodynamic performance. However, under crosswinds, a systematic comparison 

of the capacity of steady RANS, URANS, and more advanced hybrid models to predict flow field 

characteristics and the aerodynamic forces on a train has not been conducted. Therefore, in this study, 

two steady RANS models, SST k–ω and Realizable k–ε, and four unsteady models, URANS SST k–

ω and Realizable k–ε, SST–SAS, and SST–IDDES, were proposed to evaluate their prediction 

accuracy in terms of the pressure distributions, aerodynamic forces, and flow fields. The wind tunnel 

data collected by Copley (Copley 1987) were introduced for comparison to estimate the fidelity of 

all models. Specifically, there were two main research objectives of this study. First, the influence 

mechanisms of different turbulence models on the train aerodynamic characteristics subjected to 

crosswinds were studied. Second, an economical and accurate turbulence model was necessary for 

the aerodynamic optimizations of trains using machine learning (ML) techniques. For example, 

Munoz-Paniagua and García (Muñoz-Paniagua and García 2019) adopted genetic algorithms (GAs) 

to optimize a train nose in two different scenarios, and a large number of computational cases were 

performed to meet the requirements of a metamodel. Thus, the solution accuracies and the resource 

consumption of all turbulence models used in this study for aerodynamic responses were compared 

to determine a suitable turbulence model for the aerodynamic optimizations of trains in future work. 

This paper is constructed as follows. The numerical details, including the train model, 

computational domain, boundary conditions, mesh generation, and descriptions of the turbulence 

models, are presented in Section 2. In Section 3, the effect of the grid resolution is discussed. Then, 

the study of the pressure distributions, aerodynamic forces, flow fields, and computational cost is 

described. Finally, conclusions are summarized in Section 4. 

 

 

2. Numerical details 
 

2.1 Computational domain and boundary conditions 
 

In this study, an idealized train model described by Chiu and Squire (Chiu and Squire 1992) was 

adopted to investigate the performance of different turbulence models for predicting the flow under 

crosswind. As demonstrated in Fig. 1(a), the dimensions of this idealized train model were 10 D × 

D × D (D was a characteristic size equal to 125 mm), and its cross-sectional profile was defined as 

follows: 

 
nn n

y cz+ =  (1) 

The train was formed by a nose and a train body. The train body was a cylindrical uniform section, 

and c and n in Eq. (1) were 62.5 mm (D/2) and 5, respectively. Towards the nose cross-section, c 

followed a semi-elliptical profile with a major diameter of 1.28 D in the same equation, and n 

decreased uniformly from 5 to 2 at the tip of the nose. Thus, the cross-section gradually formed a 

circle. 

The configuration and domain of the model are displayed in Fig. 1(b). Referring to the wind 



tunnel tests conducted by Copley (Copley 1987), the train was mounted on the side wall of the 

computational domain, which was similar to the LES simulation performed by Hemida and 

Krajnović (Hemida and Krajnović 2010). The dimensions of the hexahedral computational domain 

were 48.19 D (length), 15.74 D (width), and 10 D (height). The train model was yawed 35° to the 

direction of incoming flow and positioned 10 D downstream of the inlet and 30 D upstream of the 

outlet. The coordinate system was aligned with the train direction, and the original point of the 

coordinate axes was defined as the nose tip. 

In the wind tunnel tests (Copley 1987), a ground board was used to control the boundary layer 

development, as shown in Fig. 1(c). In our simulations, the ground condition was modeled simply 

by setting the bottom of the computational domain to be at the height of the test floor. The clearance 

between the ground and the train was set to 0.15 D, which was consistent with the experimental 

setup. In addition, two identical models (one model was a mirror image of the other) were installed 

on either side of the ground board to simulate the relative movement between the train and the floor 

in the tests, which was different from our simulation configuration. 

A constant freestream velocity condition was employed in the inlet boundary. Based on the train 

height (D) and the inflow velocity (Uf), the Reynolds number was 3.7 × 105, matching the wind 

tunnel test. The outlet boundary corresponded to a zero static pressure condition. No-slip wall 

conditions were imposed at all train surfaces, ground, top, and side walls of the domain. 

 

 
(a) Train model (b) Computational domain 

 

(c) Wind tunnel model of Copley (Copley 1987) 

Fig. 1 Model configuration 

 
2.2 Meshing strategy 
 

The hexahedral grids were constructed with SnappyHexMesh in the OpenFOAM mesh generator 

package in all of the simulations. According to the identical meshing strategy, three different grid 

densities—coarse, medium, and fine grids—were generated for grid independence verification. The 

total number of cells was approximately 8 million, 15 million, and 26 million for the coarse grid, 

medium grid, and fine grid, respectively. Two different levels of refinement boxes were used to 

accurately capture the turbulent vortices surrounding the train, as shown in Fig. 2(a). The dimensions 



of the two refinement boxes were approximately 35.0 D × 9.5 D × 2.5 D (extra-fine refinement box) 

and 35.0 D × 20.5 D × 5.0 D (fine refinement box). In addition, a smooth transition was conducted 

at the interface of the two refinement boxes. Fig. 2(b) exhibits a three-dimensional view of the train 

surface mesh. Inflation layers were imposed at all of the walls to better simulate the boundary layer 

development, as presented in Fig. 2(c). As the grid became finer, the cell size of the train surface 

and the two refinement boxes was gradually reduced, while the number of corresponding inflation 

layers on all of the walls was increased. Details of the three grid resolutions are presented in Table 

1. Moreover, the enhanced wall treatment (EWT) was adopted for the ε-equation, and a y+-

insensitive wall treatment was applied in the ω-equation to appropriately determine the shear stress 

in the first cell near the wall. 

 

(a) Top view of the grid for the computational domain 

  

(b) Grid on the train surface (c) Grid on a cross-sectional plane 

Fig. 2 Medium grid 

 
Table 1 Details of the different grid resolutions 

Grids Coarse Medium Fine 

Number of cells 8 million 15 million 26 million 

Number of inflation layers 8 10 12 

Size of train surface mesh 0.009 D–0.024 D 0.006 D–0.015 D 0.003 D–0.009 D 

Grid size in extra-fine 

refinement box 
0.036 D–0.054 D 0.024 D–0.042 D 0.018 D–0.036 D 

Grid size in fine refinement 

box 
0.054 D–0.072 D 0.042 D–0.064 D 0.036 D–0.054 D 

Train surface wall y+ 10–40 5–20 1–10 

 

2.3 Numerical method 

 

Two steady RANS turbulence models (SST k–ω and Realizable k–ε) and four unsteady turbulence 

models (URANS SST k–ω and Realizable k–ε, SST–SAS, and SST–IDDES) were considered in this 



study. For the time-averaged simulations, no detailed description is provided here due to their 

popularity and the fact that these types of simulations are already well-established (Cheli et al. 2010; 

Li et al. 2019). Only the instantaneous turbulence models (URANS, SAS, and IDDES) are 

introduced in the subsequent content. 

 
2.3.1 URANS 

 
In the Reynolds averaging method, the variables to be resolved were decomposed into the mean 

component and the fluctuating component in the transient Navier-Stokes (N-S) equations (ANSYS 

2013). As common RANS equations, URANS equations preserved the instantaneous term. For the 

incompressible flow, the URANS equation could be written as: 

 0i

i

u

x




=  (2) 

 

2
1i j i ji i

j i j j j

u u u uu up

t x x x x x


  
+= −


+ −

     
 (3) 

where the dependent variables such as the velocity term (u) or pressure term (p) are a function of 

both the spatial coordinates (x) and the time (t), the bar and the prime denote the mean and fluctuating 

components, respectively, and ρ is the fluid density. 

It should be noted that i ju u   appeared on the right side of Eq. (3), which was the Reynolds stress 

tensor term due to fluctuating velocities, and this could not be formally expressed. To close the above 

equations, different turbulence models were applied to approximate the Reynolds stress according 

to the mean velocity gradient and the spatially varying eddy viscosity. Thus, two further equations 

were proposed to solve these problems, such as the well-known k–ε model. In addition, more forms 

of two-equation eddy-viscosity models were established, such as the k–ω and SST k–ω models. 

Combined with the classical k–ω with k–ε models, the SST k–ω was a hybrid model that blended k–

ω modeling of near-wall boundaries with k–ε in the further flow (Menter 1994). The Realizable k–ε 

model could provide the optimal performance of all the k–ε model versions for separated flows and 

flows with complex secondary flow features (ANSYS 2013). As a result, the SST k–ω and Realizable 

k–ε models were selected for comparison. 

 

2.3.2 SAS 
 

SAS is an improved URANS model that can solve for large-scale motions and the turbulent 

spectrum under unsteady flow conditions (ANSYS 2013). In the SAS model, the von Kármán length 

scale was implemented to predict the scale-adaptive temporal and spatial scales. In addition, the 

SST–SAS model was proposed by Menter and Egorov (Menter and Egorov 2010), which blended 

the SAS features with the k–ω SST model. In recent years, the SST–SAS model has been gradually 

improved and embedded in ANSYS FLUENT (ANSYS 2013). The von Kármán length scale 

employed in the SST–SAS is given by: 
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. Readers can find more detailed descriptions about the SST–

SAS model in Menter and Egorov (Menter and Egorov 2010). 

As a scale-adaptive method, the SAS model could automatically adjust to resolved structures in 

the URANS simulations in terms of the von Kármán length scale. Additionally, this model provided 

standard RANS abilities in steady flow regions. In the SST–SAS model, an additional SAS-term 

(QSAS) in the ω-equation dynamically switched itself on when the flow was sufficiently unstable 

(Davidson 2006). Therefore, this SAS-term decreased the turbulent viscosity when unsteadiness was 

detected, which led to LES-type behavior in the unstable flow regions. 
 

2.3.3 IDDES 
 

DES, as a mix of LES and RANS, was designed to reduce the cost of LES while still retaining 

accuracy and reliability. The near-wall boundary-layer region was treated with RANS, and the 

further separated vortices were captured with LES (Spalart and Shur 1997). However, modeled-

stress depletion (MSD) and grid-induced separation (GIS) are two obvious drawbacks of the 

common DES (Menter and Kuntz 2004). To provide shielding against the above issues, the IDDES 

model was presented by Shur et al. (Shur et al. 2008), similar to the DDES model (Spalart et al. 

2006). Thus, the SST–IDDES model was used in this study. This model employed an improved 

delayed shielding function to obtain higher accuracy at the interface of the RANS/LES region and 

to enhance the wall-modeling capability. 

In the IDDES model, an alternative and new definition of the subgrid length scale was written 

as: 

   max maxmin max , , ,w w w wnC d C h h h =  (5) 

where Cw denotes an empirical constant of 0.15 (Shur et al. 2008), dw is the distance to the wall, hwn 

is the grid step in the wall-normal direction, and  max max , ,x y zh h h h=  represents the largest local 

grid spacing. A fuller description of IDDES can be seen in Shur et al. (Shur et al. 2008). 
 

2.3.4 Numerical setup 
 

The CFD code ANSYS FLUENT 18.1 was utilized to simulate all the computations. In all 

simulations, the SIMPLEC scheme was selected for the pressure and velocity coupling. For the 

spatial discretization methods of the RANS simulations, the second-order upwind scheme was 

adopted for the pressure and momentum equations. For the SAS and IDDES, the bounded central 

differencing scheme was selected for the momentum equation, and the Least Square Method was 

used to solve the gradients. In addition, the turbulent kinetic energy and the turbulent dissipation 

rate were set to the second-order upwind scheme. The bounded second-order implicit scheme was 

applied in the transient terms. For the whole process of unsteady simulations, a fixed time step of 5 

× 10−5 s was applied to guarantee a mean Courant-Friedrichs-Lewy (CFL) number of approximately 

1.0. In addition, thirty iterations per time step were adopted as the maximum number, and the 

residual of each equation was no more than 10−5 to meet the requirements of convergence criterion. 



For convenient comparison, the side force (Fs), lift force (Fl), and pressure (P) were converted 

into non-dimensional coefficients, as follows: 

 20.5

s

f y

s

F

U S
C


=  (6) 

 20.5

l

f z

l

F

U S
C


=  (7) 

 
0

20.5 f

pC
P P

U

−
=  (8) 

where Cs, Cl, and Cp are the side force, lift force, and pressure coefficients, respectively; ρ is the air 

density at standard atmospheric pressure; Uf is the freestream speed; Sy and Sz are the projected areas 

in the y and z directions, respectively; and the reference pressure P0 is considered to be the pressure 

at infinity. 
 

 

3. Results and discussion 
 

3.1 Effect of grid resolution 
 

To investigate the effect of grid resolution, three grids with different densities were constructed 

for comparison, as described in Section 2.2. The URANS Realizable k–ε and IDDES turbulence 

models were chosen to perform the grid independence analysis. The time-averaged Cs and Cl of the 

train from the different grid densities are presented in Table 2. According to the results of the two 

turbulence models, the aerodynamic coefficients of the medium and fine grids showed better 

consistency, while shifting to the coarse grid had an obvious effect on Cs and Cl. In addition, the 

maximum errors of Cl between the coarse and fine grids with respect to the URANS k–ε and IDDES 

models were 10.94% and 7.73%, respectively. The time-averaged pressure profiles for two cross-

sections are illustrated in Fig. 3. The results of all the numerical simulations indicated a qualitative 

consistency with the experimental values obtained from Copley (Copley 1987). Similarly, the 

pressure distributions of the medium grid agreed well with those of the fine grid for the two models. 

However, the difference between the coarse grid and the remaining two grids was not negligible, 

especially on the leeward side (LWS) and the bottom. The discrepancy between our simulations and 

the wind tunnel data is explicitly discussed in the subsequent content. In terms of the above analysis, 

the strategy of the medium grid was sufficient to evaluate different turbulence models, and so the 

following analysis was based on the medium grid in this study. 

 

 
Table 2 Time-averaged Cs and Cl for the different grid resolutions 

 

Items 
URANS k–ε  IDDES 

Coarse Medium Fine  Coarse Medium Fine 

Cs 0.531 0.579 0.583  0.604 0.639 0.646 

Cl 0.342 0.380 0.384  0.394 0.421 0.427 



  

(a) x/D = 2.5 (b) x/D = 4.5 

Fig. 3 Comparison of the time-averaged surface pressure coefficients for different grid resolutions at two 

distances from the nose tip 

 

3.2 Pressure distributions and aerodynamic forces 
 

The time-averaged pressure distributions for three cross-sections that were obtained with our 

numerical simulations were compared with those of the wind tunnel test (Copley 1987), as presented 

in Fig. 4. The LES simulation reported by Hemida and Krajnović (Hemida and Krajnović 2010) is 

also plotted in Fig. 4 for further comparison. Only one cross-section (x/D = 6.5) was found in their 

study. In total, all of the numerical models predicted similar pressure distributions and reflected the 

approximate tendency of the experimental data. The pressure coefficients on the bottom of the train 

were significantly overestimated for all of the models. This discrepancy might have occurred 

because the ground configuration in the simulations was different from that in the test. Two of the 

same models were symmetrically installed on either side of the ground board in the test, while only 

one model was mounted on the side wall in the numerical simulations. Thus, a stagnation area was 

formed between the train and the side wall. This stagnation area led to a greater increase in the 

pressure on the streamwise face than that for the wind tunnel test. In addition, smaller differences 

were found in the section x/D = 4.5 (away from the nose and tail of the train), where the vortex 

structures were relatively stable. 

For either of the two RANS models, the pressure distributions predicted by the steady and 

unsteady methods were extremely similar. This phenomenon meant that increasing the transient term 

in the RANS equations had little effect on the prediction of the pressure distribution. In particular, 

the Realizable k–ε model overpredicted the pressure coefficients on the LWS and the bottom 

compared to the experimental value, which was related to the poor performance of Realizable k–ε 

in predicting complex flows near the wall. However, the RANS/URANS SST k–ω model provided 

a closer pressure prediction compared to the other turbulence models, although slight differences 

could be observed on the LWS. It could be found that the SAS and IDDES models exhibited similar 

pressure predictions on all cross-sections. In addition, the discrepancies of the LES relative to both 

the SAS and IDDES were only observed at the upper half of the LWS (θ from 135° to 180°) in Fig. 

4(c). The good agreement of our numerical simulations with the LES results and the wind tunnel 

data was greatly encouraging, although there was an overestimation of the pressure coefficients at 

the bottom. 



  

(a) x/D = 2.5 (b) x/D = 4.5 

 

(c) x/D = 6.5 

Fig. 4 Surface pressure distributions on three cross-sections (The experimental data were obtained from 

Copley (Copley 1987)) 

In general, the crosswind stability of a train is widely analyzed based on the side force or the lift 

force. Due to the lack of experimental aerodynamic force coefficients, the time-averaged Cs and Cl 

predicted by different turbulence models in this study were compared with that of LES (Hemida and 

Krajnović 2010) in Table 3. All of the models had different degrees of underestimation of 

aerodynamic force coefficients compared to the LES values, which could be well explained, as 

illustrated in Fig. 4. The IDDES provided better results, which were within 2% of the LES data. The 

predictions of the SAS were very close to those of the IDDES. In addition, the SST k–ω showed 

better performance in predicting the aerodynamic coefficients than Realizable k–ε for the RANS or 

URANS methods. Moreover, for the SST k–ω model, the maximum difference in the time-averaged 

force coefficients was lower than 5% compared to the LES, while the differences in Cs and Cl for 

the Realizable k–ε model and the LES were up to 10.75% and 12.51%, respectively. As a result, 

IDDES could be considered to be the turbulence model that provided the closest predictions to the 

LES and wind tunnel data, although the (U) RANS SST k–ω model was probably a preferable model 

due to its lower cost and relatively similar results. 

 

 
Table 3 Time-averaged Cs and Cl for the different turbulence models 

Cases Cs Cl Difference (Cs/Cl) 

LES (Hemida and Krajnović 2010) 0.646 0.430 – 

RANS k–ω 0.614 0.409 4.92%/4.89% 

RANS k–ε 0.577 0.376 10.75%/12.51% 



URANS k–ω 0.619 0.411 4.18%/4.36% 

URANS k–ε 0.579 0.380 10.37%/11.72% 

SAS 0.631 0.417 2.28%/3.02% 

IDDES 0.639 0.422 1.04%/1.86% 

 

3.3 Analysis of flow field 
 

According to the aforementioned analysis of the pressure distributions and aerodynamic forces 

in Section 3.2, the predictions obtained with the steady and transient RANS models were almost the 

same, whether or not the Realizable k–ε or SST k–ω was adopted. Thus, four instantaneous 

turbulence models were chosen for the further analysis of the flow structures. 

The time-averaged flow patterns, in terms of the streamlines projected on the train surfaces, were 

demonstrated in Fig. 5. All of the surfaces were rendered by the time-averaged pressure coefficients. 

On the windward side (WWS) of the train, one attachment line was identified at the middle position 

in Fig. 5(a), and we did not find obvious differences in the flow patterns or pressure distributions for 

all models. The flow stretched towards the top and bottom of the train due to this attachment line 

driving. More complex flow patterns can be identified on the LWS in Fig. 5(b). The separation and 

attachment lines were evidently captured by the IDDES, SAS, and URANS SST k–ω, while 

relatively smooth flow appeared on the surface for the URANS Realizable k–ε. It was difficult to 

distinguish the apparent differences between the IDDES and the SAS, although slight discrepancies 

occurred on the LWS surface of the rear half. The URANS SST k–ω presented a similar pattern 

compared to the IDDES or the SAS. In addition, the separation line, S1, and the attachment line, A1, 

downstream of the train for the URANS SST k–ω were closer to the bottom than those of the IDDES 

or the SAS. However, no obvious bifurcation lines were observed at the rear part for the URANS 

Realizable k–ε. The streamlines were attached almost entirely to the top surface of the train, and the 

flow separation emerged at the corner between the top and LWS, as illustrated in Fig. 5(c). Moreover, 

compared with the URANS Realizable k–ε, the earlier flow separation at the upper leeward edge in 

region M was identified for the URANS SST k–ω, SAS, and IDDES models. As the flow moved 

towards the train end, a recirculation bubble was formed. The SAS displayed an extremely similar 

bubble to the IDDES. For the URANS models, the bubble for the SST k–ω slightly shifted toward 

the LWS, while the Realizable k–ε showed a larger bubble that was closer to the LWS compared to 

the IDDES and the SAS. Additionally, a similar phenomenon was observed at the bottom surface, 

as shown in Fig. 5(d). A separation line was found at the lower leeward edge, and the URANS 

Realizable k–ε exhibited a shorter separation line in region N compared to the remaining models. 

Furthermore, an insufficiently formed separation bubble was recognized at the train tail for the 

IDDES, SAS and URANS SST k–ω, while a smoother flow was completely attached to the bottom 

face for the URANS Realizable k–ε. 

 
(a) WWS 



 
(b) LWS 

 

(c) Top 

 
(d) Bottom 

Fig. 5 Time-averaged streamlines on train surface in different views 

Based on the time-averaged velocity streamlines projected on six cross-sections, Fig. 6 shows 

the evolution of the primary vortices. A pair of upper and lower vortices (V1 and V2) were separated 

from the train nose. Vortex V1 was basically attached on the train surface, and it detached from the 

LWS face until x/D = 5.5. Vortex V2 developed backwards and away from the train body. Vortices 

V1 and V2 both gradually grew in size and dissipated in the wake. The flow at the bottom shed a 

series of vortices, including vortices V3 and V5. At the same time, vortex V4 originated from the 

upper leeside edge. Finally, all of these vortices were separated from the surface of the train and 

were subsequently convected downstream in the wake. Similar phenomena can be observed in 

Hemida and Krajnović (Hemida and Krajnović 2010) for the development of flow structures. 

No significant discrepancies were recognized in the first two cross-sections (x/D = 1.5 and 2.5) 

for the four turbulence models. At x/D = 3.5, similar developments of vortices V1–V4 were observed 

for the IDDES, SAS, and URANS SST k–ω, while the URANS Realizable k–ε showed a lower 

intensity of V2 and insufficient detachment of V3 and V4. As Vortex V2 moved backwards along the 

train, it almost disappeared at x/D = 4.5 for the URANS Realizable k–ε. Additionally, the URANS 

SST k–ω presented an incomplete recirculation region of Vortex V2, while a similar evolution of 

Vortex V2 was detected for the IDDES and SAS. For Vortex V1, no obvious difference was found 

among the URANS SST k–ω, SAS, or IDDES models, while the intensity of the URANS Realizable 

k–ε was lower at x/D = 4.5–6.5. Vortex V5 was generated near the ground at the section x/D = 5.5, 

and Vortex V3 stretched from the bottom edge of the LWS towards the middle of the train. The 

intensity of Vortex V3 for the URANS Realizable k–ε was higher than that for the IDDES, SAS, and 

URANS SST k–ω at x/D = 6.5, which directly affected the pressure distribution on the train surface, 

as shown in Fig. 4(c). Moreover, Vortex V5 moved upwards and gradually merged with Vortex V1, 

as traced from x/D = 5.5 to x/D = 6.5 for the IDDES, SAS, and URANS SST k–ω compared to the 

URANS Realizable k–ε. Additionally, the lower intensity of Vortex V5 was identified for the URANS 

Realizable k–ε relative to the other models. 



 

Fig. 6 Time-averaged velocity streamlines projected on y-z planes at distances of x/D = 1.5, 2.5, 3.5, 4.5, 

5.5, and 6.5 to the nose tip 

The instantaneous coherent structures of the flow field are illustrated in Fig. 7. The flow 

structures were identified in terms of the iso-surface of the second invariant, the Q-criterion (Q = 

50,000). In addition, all of the iso-surfaces were rendered by the non-dimensional velocity 

magnitude (U/Uf). This method of identifying vortices was extensively used in the transient flow. In 

total, the vortices on the upper half of the train body were relatively coherent and smooth, while 

massive unsteady eddies were shed in the wake flow after x/D = 6. Furthermore, the cores of these 

vortices gradually extended backwards parallel to the ground. Significant differences were observed 

between the URANS models that displayed smoother vortices and the hybrid models that presented 

more complicated flow structures. For the URANS models, SST k–ω provided a relatively larger 

range of vortex structures on the LWS than Realizable k–ε did, although further and smaller vortices 

were still not captured. The inadequacy of URANS for predicting substantial separation eddies is 

well known, and this was consistent with other studies. The SAS revealed a similar resolution of the 

turbulent vortex structures to the IDDES, while smaller structures near the wake were only 

successfully detected by the IDDES. This result indicated that the dissipation of the inhibiting 

instability in the momentum equation was greater for the SAS compared to IDDES. Nevertheless, it 

was encouraging that the SAS could provide highly similar predictions to the IDDES, because the 

SAS allowed the LES–type behavior to occur due to the von Kármán length scale, thereby resulting 

in the large turbulent scales and the exact part of the turbulence spectrum being resolved. 



 

Fig. 7 Iso-surface of the second invariant (Q = 50,000) colored by the normalized velocity magnitude 

 

3.4 Computational cost 
 

In general, the computational cost is a critical parameter for engineering problems when choosing 

a turbulence model. All numerical simulations in this study were performed at the National 

Supercomputing Center in Wuxi, China, running on 96 central processing units (CPUs) in parallel. 

The number of iterations and the CPU time for each model are presented in Table 4. For the sake of 

comparison, the computational time of RANS SST k–ω was selected as the benchmark. Hence, the 

relative costs of all models in comparison to RANS SST k–ω are listed in Table 4. As expected, the 

steady simulations required much less time to satisfy the convergence criteria than the unsteady 

simulations. Although the RANS Realizable k–ε had the lowest cost, its poor accuracy was not 

preferred. In fact, the RANS SST k–ω might be a good choice for engineering applications if the 

main concern is only aerodynamic forces due to its lower cost and relatively reasonable accuracy. 

In addition, it was of great significance to better understand the development of flow fields around 

a train under crosswinds. It was worth noting that the SAS provided similar flow predictions as the 

IDDES, which made the SAS a very attractive method. In other words, the SAS was a compromise 

between the computational cost and the solution accuracy for the flow structures because the cost of 

SAS was approximately 33.36% lower than that of IDDES. Not surprisingly, the RANS feature of 

SAS saved computational time. 

 

 

Table 4 Comparison of computational costs for different turbulence models 

Models Number of iterations CPU time (s) Difference (%) 

RANS k–ω 10,000 20,160 1 



RANS k–ε 10,000 16,935 0.84 

URANS k–ω 176,000 269,942 13.39 

URANS k–ε 176,000 253,210 12.56 

SAS 244,000 490,089 24.31 

IDDES 244,000 735,438 36.48 

 

 

4. Conclusions 
 

In this study, numerical simulations based on two steady RANS turbulence models and four 

unsteady turbulence models were conducted to evaluate the capability of each model to predict 

crosswind characteristics on trains. The wind-tunnel data and LES results were introduced for 

comparison with our numerical predictions. In addition, the effect of grid resolution was analyzed 

in terms of the URANS Realizable k–ε and IDDES models with three different densities. 

Although all of the numerical simulations presented a qualitatively good agreement with the 

experimental data, small deviations appeared at the bottom of the train due to the influence of the 

boundary layer thickness. The RANS Realizable k–ε model overpredicted the pressure coefficients 

for the LWS and the bottom, leading to 10.75% and 12.51% differences in Cs and Cl compared with 

the LES values, while the differences in Cs and Cl between the RANS SST k–ω model and the LES 

were within 5%. Additionally, the surface pressure distributions and the aerodynamic forces 

predicted by the steady and instantaneous RANS models were almost identical, regardless of 

whether the SST k–ω or Realizable k–ε model was used. 

The SAS and IDDES methods provided more precise results than RANS/URANS SST k–ω and 

Realizable k–ε, with respect to the pressure and force coefficients. Moreover, no notable differences 

in the time-averaged or instantaneous flow patterns were observed between the IDDES and the SAS. 

However, the URANS approaches failed to predict substantial flow separations or small-scale 

vortices. In particular, the URANS Realizable k–ε showed a smoother flow pattern and a smaller 

range of wake vortices than the other models. 

In total, the SAS is a very attractive alternative to IDDES or LES in the crosswind study of HSTs 

due to its relatively lower cost. In addition, a significant reduction of the computational cost was 

found for the RANS SST k–ω model, which could provide relatively reasonable results for surface 

pressures and aerodynamic forces. Therefore, the RANS SST k–ω model is recommended as the 

most suitable option for the expensive aerodynamic optimizations of trains using ML techniques 

because it balances solution accuracy and resource consumption. 
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