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 A B S T R A C T

The energetic performance of railway vehicles is becoming increasingly important, including for low-speed 
trains operating on regional and inter-city routes. Aerodynamic drag significantly affects train power con-
sumption, making its accurate estimation essential for the design of energy-efficient rolling stock. Numerical 
simulations are widely used to estimate aerodynamic resistance; however, simplified fluid-dynamics approaches 
may lead to inaccurate predictions, particularly for the complex geometries typical of regional trains. This 
paper compares two numerical methods — Reynolds-Averaged Navier–Stokes (RANS), widely adopted in 
industry, and the state-of-the-art Improved Delayed Detached-Eddy Simulation (IDDES) — against wind tunnel 
experiments. Two train geometries are analysed: a conventional regional-train shape and a modified, more 
streamlined configuration. The analysis focuses on the global aerodynamic drag predicted by the numerical 
approaches and compares it with experimental measurements. Both methods show satisfactory agreement 
with the experiments, although noticeable differences emerge. Significant discrepancies are observed in highly 
turbulent regions, such as the tail, roof, and bogie areas, with IDDES consistently predicting higher drag levels 
than the RANS model. This work provides new insights into the aerodynamics of regional trains, a vehicle 
category that has received limited attention so far, and offers results of practical relevance to the railway 
industry.
1. Introduction

Drag investigation is an important vehicle aerodynamics phenom-
enon (Baker, 2014a,b; Baker et al., 2019; Sturt et al., 2022). The reason 
for this is evident: aerodynamic drag is strongly linked to the maximum 
speed that a vehicle can reach and to the energy consumption that will 
be required to move it. In the railway field, several techniques can be 
used to infer the drag force of the vehicles (Baker et al., 2019), even 
though this process is far from trivial. Experimental methods usually 
include full-scale testing of the train running resistance and reduced-
scale models tested in wind tunnels. Using full-scale tests, the running 
resistance can be obtained according to the methodology prescribed 
by the technical norm EN 14067-2:2003 (CEN, 2003) and EN 14067-
4:2024 (CEN, 2024) and, from the resulting force, the aerodynamic 
contribution can be derived by a curve fitting approach, allowing 
the estimation of the non-dimensional drag coefficient. Wind tunnel 
tests are widely used to measure forces on portions of simplified train 
models, modelling various wind conditions. However, these methods 
come with several drawbacks. The results of full-scale tests are limited 
to the environmental conditions in which the tests are held and they 
are available only when the product is already manufactured, meaning 
that they cannot be used for design decisions. Reduced-scale tests, on 
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the other hand, allow very consistent and repetitive flow conditions 
reproducing a variety of situations, but present differences from full-
scale real conditions. For example, the wind profile close to the ground 
is hard to model and greatly affects the air flow under the body, which 
has a very important influence on the overall aerodynamic drag of the 
vehicle. Wind tunnels usually implement a set of actions to minimise 
the effect of these issues. In addition, scale effects impact the results, 
and some differences with reality must be acknowledged (Baker and 
Brockie, 1991; Tschepe et al., 2021; Li et al., 2022).

An alternative to experimental tests is represented by numeri-
cal simulations. With the increasing computational power of the last 
decades, computational fluid dynamics (CFD) simulations have become 
more and more accessible (Kisielewicz and Tabbal, 1993; Hemida, 
2023; Moukalled et al., 2016). Numerical methods in this context 
have a very important role as manufacturers’ design decisions are 
supported, other than previous or ad hoc experimental tests, on virtual 
simulations. CFD tools are mainly used with simplified models such as 
Reynolds-averaged Navier–Stokes equations (RANS) (Moukalled et al., 
2016). Although these methods provide valuable insights, the results 
could be susceptible to non-negligible errors. Several studies high-
light how RANS methods fail to estimate the flow behaviour of bluff 
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bodies (Maleki et al., 2017; Zhang et al., 2022, 2023; Guilmineau 
et al., 2018). To overcome the limitations of RANS methods and, at 
the same time, to save computational costs from the very precise, yet 
highly expensive large eddies simulation methods (LES), hybrid RANS-
LES (Moukalled et al., 2016) have been developed through the years. 
From detached eddy simulations (DES) (Spalart et al., 1997; Spalart, 
2009, 2021) to its improved versions (DDES Spalart et al., 2006 and 
IDDES Shur et al., 2008), these models switch from RANS to LES 
in specific cells allowing for reduced computational effort and better 
capture flow structures, providing a trade-off in terms of computational 
cost and results accuracy between the two methods. These models 
find their application in many industrial fields (Fujita and Sasaki, 
2010; Gritskevich et al., 2012; Heinz, 2020), including the railway 
sector (Luo et al., 2020; Morden et al., 2015; Li et al., 2018; Flynn 
et al., 2014; Wang et al., 2017). In the railway industrial applications, 
RANS methods are widely used, as LES and hybrid approaches can 
be prohibitively expensive in terms of computational cost. However, 
manufacturing companies often require accurate information on the 
aerodynamic behaviour of their products. The comparison between a 
RANS model — representative of typical industrial practice — and a hy-
brid RANS–LES approach — representative of state-of-the-art research 
— aims to assess the differences in aerodynamic drag prediction when 
using a simplified versus a more advanced modelling strategy.

Trains come under different geometries depending on their main 
purpose. High-speed trains are studied to be as streamlined as possible, 
facing high manufacturing and maintenance costs to withstand the 
aerodynamic loads. On the other hand, regional trains must be less 
expensive and use all the space available to carry high volumes of 
people and goods. Less strict requirements, motivated by the opera-
tional conditions, on regional trains lead to shorter noses and tails, 
and uncovered equipment on the roof or under the car belly, inevitably 
worsening the aerodynamic characteristics. These shapes are generally 
harder to model using simplified CFD models such as RANS, possibly 
increasing the risk of wrong drag estimation.

While high-speed trains have been extensively investigated in the 
literature, regional trains remain poorly documented, leaving a clear 
gap in existing studies. Aerodynamic phenomena can differ signifi-
cantly between the streamlined shapes of high-speed trains and the 
generally bluff geometries of regional rolling stock. As a consequence, 
conclusions drawn for high-speed trains cannot be directly extended 
to regional trains. The objective of this work is therefore to evaluate 
and compare the predictions of the two numerical approaches for this 
specific vehicle type, with particular focus on aerodynamic drag.

Although most of the research in this field is focused on high-speed 
trains (Brockie and Baker, 1990; Muñoz-Paniagua and García, 2020; 
Chen et al., 2019; Wang et al., 2021; Yao et al., 2016; Niu et al., 2018; 
Guo et al., 2022; Wang et al., 2019, 2020; Zhang et al., 2018; Gao 
et al., 2019; Li et al., 2022, 2019; Huo et al., 2021; He et al., 2022; 
Yang et al., 2024; Zhao et al., 2026), the aerodynamic drag of regional 
trains has a relevant impact too. In fact, considering the large number of 
regional vehicles, reducing their aerodynamic drag would lead to huge 
energy savings, leading rail transport to be even more sustainable than 
nowadays (Alšauskas et al., 2023; IEA, 2019; Orellano and Sperling, 
2009).

The objective of this research is to evaluate the differences in esti-
mating the drag of regional trains using simple RANS methods against 
state-of-the-art method IDDES. The evaluation of the results of the 
numerical simulations is compared against wind tunnel measurements. 
Two models of trains are considered, presenting two extreme configura-
tions to represent a classical regional train geometry and a high-speed 
train-like geometry. This research will provide insights on the relative 
assessment between the two vehicles and the two turbulence modelling 
methods that have been used.
2 
2. Method

This research relies on a combination of numerical and experimental 
data to ensure a full-frame evaluation of aerodynamic drag perfor-
mance of the models studied. Wind tunnel data will be used as a 
reference for the correlation of the numerical simulations performed. 
However, the detailed study of CFD is the main target of the present 
analysis.

This study focuses on a scaled model of a regional train, which 
consists of two main cars (car A and car B) and a truncated segment 
of a third car at the tail, referred to as the dummy car. Two distinct 
configurations of the train are being analysed in this research. The 
first configuration, named as version 1 (V1), is illustrated in Fig.  1(a) 
and Fig.  2a. This version represents a traditional regional train design, 
characterised by the placement of auxiliary equipment on the roof of 
the cars.

The roof-mounted auxiliary equipment defines this geometry as 
‘‘rough’’. The roughness of this version is quantified as the ratio be-
tween the typical height of the roof-mounted objects (ℎ) and the 
boundary-layer height on the roof of the train at the end of the first 
car (𝛿), resulting in a value of approximately ℎ∕𝛿 ≈ 35%. The second 
configuration, identified as version 2 (V2), is depicted in Fig.  1(b) and 
Fig.  2b. In this version, the first car (car A) has been significantly 
redesigned to mimic the aerodynamic profile of a high-speed train, 
while the remaining parts of the train retain the same configuration as 
V1. The car A of this geometry is referred to as ‘‘smooth’’, as no objects 
protrude from the main frontal area of the train, yielding ℎ∕𝛿 = 0.

The selection of these two configurations is driven by the aim of 
exploring how different numerical methods perform when applied to 
trains with markedly contrasting geometries, especially concerning the 
head and tail cars. The model used in this study is scaled to 1:18 of 
the full-size train, a reduction that ensures quite a fine representation 
of the geometric details of the design.

Due to the train’s asymmetry along its longitudinal axis, both exper-
imental tests and numerical simulations are conducted at two specific 
yaw angles: 0 degrees and 180 degrees, as illustrated in Fig.  2. When 
the model is oriented such that car A faces directly into the wind, 
car A functions as the head car of the train. Conversely, when car 
A is positioned downstream (180◦ configuration), it assumes the role 
of the tail car. This approach allows for the derivation of data that 
can approximate the behaviour of a theoretically symmetric train, 
enabling a broader understanding of the aerodynamic characteristics 
under varying conditions.

2.1. Experimental measurements

Experimental measurements are obtained from a wind tunnel cam-
paign at Politecnico di Milano. The train models are tested at 50 m∕s, 
resulting in a Reynolds number around 𝑅𝑒 ≈ 6 ⋅ 105. The models are 
placed on a splitter plate with a fixed or non-moving ground. The 
splitter plate allows a reduction of the thickness of the boundary layer, 
however, it has to be acknowledged the lack of suction mechanisms 
or moving ground to actively control its thickness. This implies that 
parts of the vehicle could be immersed into the ground boundary layer, 
although its influence should not be large on a 3-car configuration as 
the one studied. Moreover, the train models are designed to be placed 
on a single-track ballast and rail. Among the three cars of which the 
train models are composed, cars A and B are instrumented with internal 
balances for aerospace applications. The three bodies are not connected 
one to each other, therefore force and moment measurements are 
acquired independently and they are representative of every single car. 
The table on which the model is mounted can rotate, imposing a yaw 
angle with respect to the wind direction. The tests consist in blowing 
air at a steady fixed velocity, and acquiring the signals of force and 
moment for a sufficiently long time in order to extinguish any transient 
phenomenon. The mean values of the experimental data are derived by 
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Fig. 1. Train models tested in the wind tunnel.
Fig. 2. Versions of train models. (𝑎) train version V1. (𝑏) train version V2.

averaging the time histories of the signals. The experimental standard 
error is obtained from the standard measurement error declared by 
the balance manufacturer. The uncertainty related to the measurement-
chain can be attributed around 5% of the measured values. However, it 
must be acknowledged the possibly larger uncertainty in the estimation 
of the Car B drag coefficient, as it is a vehicle that experience lower 
forces and therefore higher relative errors. From the force and moment 
measurements of the individual cars, the aerodynamic coefficients are 
derived. For the specific interest of this activity, only the aerodynamic 
drag is considered, as defined in Eq.  (1), with 𝐴 the reference area, 𝜌
the air density, 𝑣 the reference speed and 𝐶𝑥 the aerodynamic force 
coefficient in the 𝑥 direction (corresponding to the drag coefficient). 

𝐹𝑥,𝑎𝑒𝑟𝑜 =
1
2
𝜌𝐶𝑥𝐴𝑣

2 (1)

2.2. Numerical simulations

Computational fluid dynamics (CFD) simulations for this study 
are conducted using OpenFOAM, a widely utilised open-source soft-
ware framework for solving fluid mechanics problems. The simula-
tions consider two distinct CFD modelling approaches: the Reynolds-
averaged Navier–Stokes (RANS) method and the hybrid RANS-LES ap-
proach, specifically the improved delayed detached eddy simulation (ID-
DES) model. These methods are chosen to evaluate their performance 
and applicability in modelling the aerodynamic behaviour of the train 
configurations under investigation.

The RANS simulations assume steady-state conditions and employ 
the 𝑘 − 𝜔 SST turbulence model, a robust and widely accepted model 
for various engineering applications. This approach is particularly suit-
able for capturing steady phenomena, as it resolves the Reynolds-
averaged equations, in which turbulence is fully modelled. Conse-
quently, only mean values can be derived from the simulation results. 
While the aerodynamic behaviour of bluff bodies, such as trains, is 
inherently unsteady, it is common practice to use RANS simulations 
3 
under the assumption that the averaged results remain unaffected by 
transient turbulent fluctuations. This simplification offers a pragmatic 
approach, particularly in cases where computational efficiency and 
implementation ease are prioritised.

The hybrid RANS-LES model employed in this study, IDDES, rep-
resents a more advanced approach. It integrates RANS modelling (in 
its unsteady formulation) in regions close to walls, where turbulence 
is often highly complex and transitions to LES (large eddy simulation) 
in other areas of the computational domain. Unlike RANS, the LES 
approach resolves the turbulent structures within the flow up to the 
level permitted by the spatial resolution of the computational grid. As 
a result, the turbulence is not entirely modelled but partially resolved, 
providing a more detailed representation of the flow dynamics.

Previous studies suggest that RANS methods may underestimate the 
drag force acting on bluff bodies due to their intrinsic limitations in 
capturing unsteady turbulent phenomena (Maleki et al., 2017; Zhang 
et al., 2022, 2023; Guilmineau et al., 2018). To address this, the 
current research aims to simulate the same physical scenario using 
both modelling approaches. The RANS method, despite its limitations, 
offers significant advantages in terms of computational speed and ease 
of implementation, making it particularly appealing for industrial ap-
plications. Conversely, the IDDES method, while computationally more 
demanding, is commonly adopted in academic research for its ability 
to deliver higher accuracy and capture intricate flow features that are 
beyond the scope of RANS models.

The simulation scenario under consideration is designed to replicate 
the conditions of a wind tunnel environment as closely as possible. 
A simplified schematic representation of this scenario is provided in 
Fig.  3, where the test section of the wind tunnel serves as the basis 
for defining the dimensions of the computational domain. To ensure 
consistency and reliability, the train model geometry and the com-
putational domain size are maintained identical to those utilised in 
the corresponding wind tunnel experiments. This alignment facilitates 
direct comparisons between numerical and experimental results.

The outer boundaries of the computational domain are treated 
as slip walls, a boundary condition that assumes no shear stress at 
the surface. This choice is justified by the low blockage ratio of the 
setup and the relatively large distance between the train model and 
the domain walls. Such conditions effectively minimise any significant 
interaction between the model and the domain boundaries, making this 
assumption reasonable and ensuring that it does not compromise the 
accuracy of the simulations.

The only wall with a no-slip boundary condition is located beneath 
the model, corresponding to the splitter plate. This adherence condition 
accurately represents the physical setup of the wind tunnel, where 
the splitter plate serves to minimise ground effects and maintain a 
consistent flow regime around the train model.

At the domain’s inlet, the inflow condition is prescribed as a uniform 
velocity profile, with a constant velocity magnitude applied across the 
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Fig. 3. Scheme of the CFD domain modelling wind tunnel conditions.

Table 1
Grid independence analysis on 𝐶𝑥.
 Coarse mesh Medium mesh Fine mesh 
 Number of cells 9.5 ⋅ 106 19.2 ⋅ 106 43.4 ⋅ 106  
 𝛥𝐶𝑥% −0.9% −0.7% reference  

entire inlet face. This simplification provides a steady and predictable 
inflow, aligning with the controlled conditions typical of wind tunnel 
testing. Despite these simplifications, they are deemed sufficiently ac-
curate and representative of the real wind tunnel test environment, 
as they capture the essential flow characteristics while maintaining 
computational efficiency.

Before performing the final simulations, the computational grid is 
evaluated through preliminary RANS simulations to ensure that the 
results are independent of the grid properties. To achieve this, three 
different grids are tested: coarse, medium, and fine. The parameter 
selected for comparison is the overall aerodynamic drag of the train 
model V1 at a yaw angle of 0◦. Using the fine mesh as a reference, 
the results obtained with the coarse and medium meshes show a very 
close agreement with those from the fine mesh (Table  1). Based on this 
comparison, the medium mesh is deemed the optimal choice, offering 
a compromise between computational efficiency and result accuracy.

The properties of the selected mesh for the simulations and a 
zoomed-in view of the mesh for the train V1 configuration are pre-
sented in Fig.  4, highlighting the refinement level and the attention 
to detail in critical areas. For the simulations involving the train V2 
model and the 180◦ yaw angle configurations, the mesh is rebuilt while 
maintaining the same fundamental characteristics to ensure consistency 
across the cases.

The same computational mesh is employed for both the RANS and 
IDDES simulations. For the IDDES approach, approximately 80% of the 
computational domain is resolved using the LES methodology, enabling 
a detailed representation of turbulence in regions where it is most 
relevant, while preserving computational feasibility. A dedicated grid-
independence study was not performed due to the high computational 
cost associated with the simulations. Nevertheless, the selected mesh is 
highly refined and satisfies the requirements typically recommended for 
hybrid RANS–LES approaches (Pope, 2000; Spalart, 2001). Although 
no systematic comparison across multiple grid resolutions was carried 
out, the mesh ensures at least 8–10 cells per integral length scale and 
is therefore considered adequate to provide reliable predictions for the 
present application.

3. Results and discussion

The following section covers the following two topics:
 n

4 
Table 2
Relative error comparison between numerical results and wind tunnel experi-
ments.
 𝑒𝑟𝑒𝑙 % 0 deg 180 deg

Car A Car B Car A Car B 
V1 RANS −4 −26 −31 −16  

IDDES 10 9 −4 18  
V2 RANS 36 −7 −16 −14  

IDDES 33 9 −7 28  

• Correlation between experimental (wind tunnel tests) and numer-
ical (CFD simulations) results

• Relative comparison of different approaches within the performed 
CFD simulations

Wind tunnel tests represent a useful reference for the analysis and 
orrelation of the CFD simulations. However, it is worth mentioning 
hat the main goal of the wind tunnel test campaign was not the 
ssessment of aerodynamic drag but the computation of the aerody-
amic coefficients for crosswind stability. This implies a suboptimal 
rrangement for the assessment of the aerodynamic drag such as a fix 
round and a vehicle partially immersed inside the boundary layer. This 
oes not mean correlation with CFD simulations should be negatively 
ffected (same test boundary conditions have been considered) but it is 
orth noting the uncertainty on the determination of the aerodynamic 
rag will be higher than for an optimised test setup.
Performed CFD simulations use RANS and IDDES (transient) method-

logies to calculate the aerodynamic drag for different vehicle con-
igurations. Obtained results show differences between them. Features 
ike how the roughness affects the boundary layer or how the wake 
tructure on the tail affects the aerodynamic drag are not equally 
aptured by both methodologies. The analysis of these differences 
rovides a deeper insight to understand their limitations and to choose 
he right option to achieve the defined set of objectives.
The first result involves a direct comparison between the outcomes 

f wind tunnel tests and numerical simulations, specifically RANS and 
DDES, based on the aerodynamic drag coefficient. This comparison is 
epicted in Fig.  5. To normalise the data and highlight discrepancies, 
ll the results are divided by the experimental mean value of car A 
𝐶𝑥∕𝐶𝑥|𝑊 𝑇 ,𝐴). This approach allows for a straightforward assessment of 
he deviation between the numerical and experimental results for car A, 
hile also enabling indirect comparisons for car B and the dummy car. 
he coloured region in the plot indicates the absence of experimental 
ata for specific cases; however, numerical results for the dummy car 
re included for the sake of completeness. The results are reported 
sing the mean value of the coefficients obtained from both the wind 
unnel measurements and the numerical simulations. In the latter case, 
lthough RANS simulations are intrinsically steady, small numerical 
scillations are typically observed around the converged solution. Av-
raging the sampled values therefore provides a more reliable estimate 
f the final coefficient.
To ease the validation of the numerical results compared to the 

xperimental data, the relative error 𝑒𝑟𝑒𝑙 is introduced as a metric for 
he simulation results assessment. The relative error is defined as in Eq. 
2). 

𝑟𝑒𝑙 =
𝐶𝑥|𝑛𝑢𝑚 − 𝐶𝑥|𝑊 𝑇

𝐶𝑥|𝑊 𝑇
(2)

The relative error is reported for each simulation in Table  2.
For train V1 at 0 degrees (Fig.  5(a) and top-left area of Table  2), 

he RANS simulation aligns closely with the experimental results for car 
, providing a satisfactory match. In contrast, the IDDES result is less 
onsistent with the experimental value, even though the relative error 
an be considered still in the uncertainty range of the experimental and 
umerical estimations. For car B, RANS tends to underestimate the 𝐶
𝑥
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Fig. 4. Detail of the computational grid and zoomed view close to the head of the train model.
Fig. 5. 𝐶𝑥 normalised over the wind tunnel value of car A. Comparison between wind tunnel results, RANS and IDDES simulations.
value, whereas IDDES slightly overestimates it. On the dummy body, 
the results diverge significantly depending on the numerical method 
used, indicating a pronounced sensitivity to the simulation approach.

In the case of train V2 at 0 degrees (Fig.  5(b) and bottom-left area 
of Table  2), the results for car A exhibit a notable deviation from the 
experimental data, regardless of the simulation method applied. For 
car B, both methods produce results that are closely aligned with the 
experimental outcomes. However, for the dummy car, the numerical 
results again show considerable variation between the RANS and IDDES 
methods.

For the 180-degree configurations, where car A is positioned at the 
tail of the train model, the results have different outcomes compared to 
the 0-degree configurations. For train V1 (Fig.  5(c) and top-right area of 
Table  2), IDDES provides a significantly better match for car A, whereas 
RANS underestimates the aerodynamic coefficient substantially. For 
car B, both numerical models show substantial deviations from the 
experimental data, even though the large error could be attributed 
to the small value of Car A that amplifies the difference, and on the 
small value of 𝐶  for car B that may be affected by relatively large 
𝑥

5 
uncertainties. On the dummy car, which is now at the head of the train, 
both methods produce nearly identical results.

For train V2 in the 180-degree configuration (Fig.  5(d) and bottom-
right area of Table  2), car A is better captured by the IDDES simula-
tion, though both methods yield comparable results with experimental 
data. For car B, however, RANS is closer to the experimental data 
than IDDES, even though the same analysis for V1 at 180-degrees is 
applicable.

Overall, RANS generally produces lower 𝐶𝑥 values compared to 
IDDES, a trend that becomes more evident for bodies with high geo-
metric roughness (as in train V1) and in cases where the wake of the 
body is fully developed, such as downwind for car A in the 180-degree 
configuration or the dummy car in the 0-degree configuration. For tail 
cars, IDDES emerges as the more accurate model when compared to 
experimental data, while for the head and middle cars, both numerical 
methods demonstrate similar levels of performance.

To further clarify the physical origin of the differences between 
the two modelling approaches, it is useful to distinguish between 
wake behaviour and near-wall flow features induced by geometric 
complexity.
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Fig. 6. 𝐶𝑥 for sections normalised over the wind tunnel value of car A. Comparison between RANS and IDDES simulations.
In wake-dominated regions, the differences between RANS and 
IDDES are mainly related to the predicted wake recovery and pressure 
distribution in the near-wake region rather than to the overall wake 
extent. As shown by the velocity field on the roof slice of the train 
models Fig.  9, the IDDES simulations generally predict a faster wake 
recovery and higher streamwise velocities in the near-wake region 
compared to RANS, while the steady RANS simulations tend to produce 
a more diffused wake with lower velocity levels persisting farther 
downstream. Despite this faster wake recovery, the IDDES simulations 
are characterised by a slightly lower mean pressure coefficient in the 
tail region Fig.  7, which results in a marginally higher pressure drag 
contribution on the tail compared to RANS. However, as shown by the 
cumulative drag distribution Fig.  8, the drag increment associated with 
the tail region is comparable between the two approaches, indicating 
that wake-related effects play a secondary role in the overall drag 
discrepancy.

In regions characterised by strong geometric disturbances, such as 
roof-mounted equipment and bogies, the discrepancies between the two 
models are instead governed by near-wall flow behaviour. In steady 
RANS simulations, the flow in separated regions tends to be more 
stabilised, with lower wall shear stress and weaker pressure loads 
on windward surfaces. In contrast, the IDDES simulations resolve a 
more energetic near-wall flow, leading to higher wall shear stress 
and increased pressure levels on surfaces facing the incoming flow, 
as visible from Figs.  10 and 11. This behaviour is associated with a 
different separation and reattachment pattern, with IDDES predicting 
an earlier flow reattachment downstream of sharp edges.

Overall, the higher drag predicted by IDDES is the result of a 
combination of effects. While wake-related pressure differences at the 
tail contribute to a slightly higher local drag, the dominant contribution 
6 
arises from increased pressure loads on geometrically complex com-
ponents along the train, leading to a gradual and more pronounced 
increase of the cumulative drag. For streamlined geometries, where 
such near-wall and wake pressure effects are reduced, the predictions 
of the two modelling approaches show a closer agreement.

The results indicate that for the typical bluff-body or conventional 
geometry of a regional train (V1), the RANS model aligns reasonably 
well with wind tunnel results in estimating the aerodynamic drag of the 
leading car. However, it significantly underestimates the drag for the 
trailing car. In contrast, the IDDES model, while exhibiting larger errors 
for the leading car of V1, provides results that are more consistent 
with wind tunnel data, particularly in the tail region. For the modified 
train with a streamlined leading car (V2), the RANS model diverges 
considerably from the experimental values when the train is oriented 
at 0◦. When the train is at 180◦, with the streamlined car positioned at 
the tail, the RANS results show better agreement with wind tunnel data. 
IDDES simulations follow a similar trend but yield improved accuracy 
in the tail region compared to RANS.

In Fig.  6, the aerodynamic drag coefficient (𝐶𝑥) of the train is 
divided into 10 sections along its length. As in previous comparisons, 
the 𝐶𝑥 values for each section are normalised by the experimental mean 
value of 𝐶𝑥 for car A. This representation provides a clear overview of 
the distribution of drag along the train and highlights the differences 
between the two numerical models.

In nearly every section, the IDDES results show higher 𝐶𝑥 val-
ues compared to RANS. This discrepancy is particularly noticeable in 
regions with protruding elements such as bogies or roof-mounted equip-
ment, where the increased turbulence and flow separation are better 
captured by the IDDES method. Conversely, in areas with streamlined 
geometries, such as car A in the V2 configuration, the results from the 
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Fig. 7. Pressure coefficient over the tail of train models. Comparison between RANS and IDDES results.
two models are much closer, reflecting the reduced complexity of the 
flow in these regions.

In Fig.  7, the pressure coefficient distribution is reported for all 
the simulations considered. For configurations 𝑎, 𝑏 and 𝑐 the IDDES 
simulations present a stronger negative pressure compared to RANS. 
Conversely, for configuration 𝑑, IDDES presents higher pressure com-
pared to RANS, coherently with the results reported in Fig.  6(d). This 
different behaviour can be attributed to the streamlined shape of car 
A, developing a different wake from the other bluff body coaches.

An additional observation, particularly evident for train V1 in Figs. 
6(a) and 6(c), is the difference in the distribution of 𝐶𝑥 between 
the head (first section) and tail (last section) of the train. In RANS 
simulations, the 𝐶𝑥 values are lower at the tail compared to the head, 
consistent with the model’s tendency to underpredict wake effects. 
In contrast, the IDDES simulations produce the opposite trend, with 
higher 𝐶𝑥 values at the tail, showing the differences between the 
numerical models in capturing the wake dynamics and the associated 
aerodynamic loads.

The main conclusion is that RANS simulations might underestimate 
the drag evaluation compared to IDDES. This is particularly visible 
thanks to the drag computation of the trailing car and to the different 
results obtained when roof equipments are present. Such deviations 
between the two numerical models are not evident or smaller in case 
of streamlined bodies such as the head car of train V2.

To further support the analysis of the two numerical models, Fig. 
8 shows the cumulative drag coefficient 𝐶𝑥, plotted along the length 
of the train models. As in the previous cases, the values of 𝐶𝑥 are 
normalised by dividing by the experimental mean value of 𝐶𝑥 for car 
A.

For configurations V1 (Figs.  8(a) and 8(c)), aside from the very ini-
tial section of the head car, the cumulative aerodynamic drag diverges 
significantly between the RANS and IDDES models. This divergence 
results in overall drag coefficients differing by approximately 22% of 
the IDDES simulation results.

In the case of configuration V2 at a 0-degree angle of attack (Fig. 
8(b)), the initial section of the train model shows identical results for 
both numerical models. A similar pattern is observed for the 180-degree 
case (Fig.  8(d)), where the tail of the train model is streamlined. In 
this configuration, the cumulative drag does not differ significantly 
beyond the deviations accumulated in the head and middle sections of 
the model. Here, the discrepancy between the overall drag is reduced 
7 
compared to train V1, but still in favour of IDDES that presents higher 
values of around 13%–16%.

For Figs.  6(b) and 8(d), it must be noted that differences between 
the two numerical models are exaggerated as they are normalised over 
the smaller value 𝐶𝑥|𝑊 𝑇 ,𝐴 of the car A with streamlined shape.

Fig.  9 illustrates the non-dimensional velocity in the 𝑥-direction, 
defined as 𝑈𝑥,norm = |𝑈𝑥∕𝑣|, across planes normal to the 𝑧-direction 
that intersect the roof of the train models. The configurations at 180◦
for train models V1 and V2 are analysed using the two numerical 
approaches, RANS and IDDES.

For both train models, the roughness of the roof-mounted equip-
ment introduces significant differences in the wake velocity profiles 
between the numerical models. Specifically, looking at the highlighted 
areas, IDDES predicts generally smaller wake regions compared to 
RANS, which leads to higher flow speeds in the wake area. This trend 
is particularly evident for train V1, where the tail’s wake also exhibits 
this behaviour (Fig.  9(a)).

In contrast, for the more streamlined geometry of train V2 (Fig. 
9(b)), the discrepancy between the two numerical models becomes al-
most negligible. This indicates that streamlined shapes are less sensitive 
to the modelling approach in terms of wake velocity prediction, as 
the flow remains attached for a larger portion of the geometry and 
generates less turbulence.

Fig.  10 shows the pressure coefficient and the skin-friction coef-
ficient on the roof of the middle car of train V2 simulated at 180◦
using RANS and IDDES models. Both coefficients indicate that the 
RANS simulations predict a lower local flow velocity in the presence 
of roof-mounted equipment. As a consequence, the pressure coefficient 
predicted by IDDES is higher over surfaces characterised by sharp 
edges, while the skin-friction coefficient is generally higher, indicating 
a different flow reattachment position along the body surface and a 
different near-wall velocity gradient.

From a practical point of view, the RANS simulations tend to predict 
lower pressure values on surfaces facing the incoming flow, while the 
rear-facing surfaces are less strongly affected, as shown in Fig.  11. The 
higher pressure coefficient on the windward (positive-normal) faces is 
therefore identified as the main source of the discrepancy highlighted 
in the cumulative drag plot reported in Fig.  8. In simulations aimed at 
supporting train shape design, such features may mislead the designer, 
potentially leading to an underestimation of the contribution of these 
components to the overall aerodynamic drag. The adoption of smoother 
geometries, in addition to being beneficial for the final product, is also 
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Fig. 8. Cumulative 𝐶𝑥 normalised over the wind tunnel value of car A. Comparison between RANS and IDDES simulations.
Fig. 9. Roof slice of the normalised flow speed in 𝑥 direction for models at 180 deg. Comparison between RANS and IDDES.
expected to yield more consistent results between the two modelling 
approaches, as demonstrated by the streamlined head geometry of train 
V2 compared with train V1.

These conclusions are in agreement with other literature stud-
ies (Maleki et al., 2017; Zhang et al., 2023, 2022; Guilmineau et al., 
8 
2018). The results obtained highlight a limitation of the steady RANS 
CFD simulations. Indeed, RANS simulations risk underestimating the 
aerodynamic drag of complex train shapes, such as regional trains, 
particularly in regions near the tail and in areas where the turbulent 
wake region becomes more pronounced.
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Fig. 10. Roof view of the pressure and friction coefficients of middle car of the train model V2 at 180 deg. Comparison between RANS and IDDES.
Fig. 11. Pressure coefficient of the middle car of train model V2 at 180 deg. Comparison of high pressure regions on the roof-mounted equipment between RANS 
and IDDES.
4. Conclusions

This research aims to identify the differences in simulating the 
aerodynamic drag of trains using the simplified method widely adopted 
in the industrial sector (RANS) and the state-of-the-art approach fre-
quently employed in the railway field (IDDES). The numerical results 
are compared against wind tunnel data. The subject of the study is a 
regional train, with two configurations considered: a typical regional 
train and a modified version where the first car resembles a high-speed 
train. Since the train models are not symmetric in the longitudinal 
direction, tests were conducted at 0◦ and 180◦ angles of incidence to 
the wind to assess the effects of the different simulation approaches on 
the leading and trailing cars.
9 
Compared to the available experimental data, both numerical mod-
els provide reasonable results. Notably, both models estimate values 
similar to the experimental ones in regions where the free flow impacts 
the body (the first car of the train model) and where the boundary 
layer begins to develop (the middle car of the train model). On the 
other hand, IDDES provides better results compared to RANS in re-
gions where the flow separates from bluff bodies. This effect is less 
pronounced in the case of a streamlined body.

Overall, IDDES tends to predict higher aerodynamic drag than 
RANS in sections of the train where the geometry induces turbulent 
flows. These include the tail, bogies, and areas around roof-mounted 
auxiliary equipment, where the discrepancies between the two models 
are substantial. Conversely, for smoother geometries, the two numerical 
models produce similar results.
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The two numerical methods, owing to their different approaches 
to turbulence modelling, estimate the aerodynamic drag of the train 
models with deviations ranging from 13% to 22% compared to the 
IDDES results, depending on the characteristics of the train’s shape.

This study highlights the significant differences that can arise from 
employing different CFD models, particularly when analysing bluff 
geometries such as regional trains.

From a practical point of view, simulations based on RANS models 
are undoubtedly useful for manufacturers, as they are computationally 
efficient and generally provide valuable results with good to acceptable 
levels of accuracy. However, the limitations of these models must be 
carefully acknowledged. In particular, for geometries typical of regional 
trains, the present study indicates that RANS-based approaches may 
lead to an underestimation of the aerodynamic drag, failing to capture 
the full contribution to the overall resistance. Although IDDES simula-
tions are, in most cases, still impractical for industrial applications due 
to their high computational cost, they are generally expected to provide 
more reliable estimates of aerodynamic drag.

Consequently, manufacturers may confidently rely on RANS simula-
tions for head cars and streamlined geometries, whereas an increasing 
level of uncertainty should be expected as geometric complexity is 
introduced. When a highly accurate estimation of aerodynamic drag 
is required, and empirical correction factors are not deemed sufficient, 
higher-fidelity approaches such as IDDES are therefore recommended.
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