
 

1 

 

Abstract 
 

Aerodynamic forces have a crucial role in the safe and efficient operation of freight 

trains. In particular, the drag of intermodal container trains is the focus of a 

considerable research effort because of its direct impact on the energy consumption 

and greenhouse gasses emissions of these the freight rail sector. The drag of containers 

in an intermodal container train can be affected by the proximity to the extremes of 

the train, among other factors. This means that the results obtained on one container 

train cannot be safely generalized to the other containers in a long intermodal 

container train, unless independence from these effects is established. 

Numerical simulations have been run on train consists of different length to assess the 

minimum number of wagons necessary to ensure independence form proximity to the 

extremes of the train. The drag coefficients on the containers are presented, 

demonstrating that at least nine wagons should be simulated to achieve this condition 

for the fourth and fifth wagon. 
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1  Introduction 
 

The European Union (EU) has committed to reducing greenhouse gas emissions by 

20% with respect to 2008 levels by 2030, with even more ambitious goals for 2050 

[1]. For this reason, the EU plans to shift at least 30% of the road-transported freight 

to rail or waterways by 2030 [1]. Freight trains are the least carbon emitting mode of 

freight transportation on land [2], [3], however, in 2023 only 16.4% (by tonne·km) of 
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the goods transported in the EU were transported on rail [4]. Despite the low emissions 

of freight trains, efficiency can still be significantly improved. Aerodynamic effects 

contribute substantially to the energy consumption of intermodal container trains 

(ICTs), especially with aerodynamically poor train compositions [5], [6]. The drag on 

each container depends on several factors, including its position on the train [7]. These 

effects however affect only a modest number of wagons. This means that for long 

ICTs most of the containers will be subject to “mid-train” conditions and experience 

a similar drag [8]. Computational Fluid Dynamics (CFD) is often employed to 

investigate the aerodynamics of freight trains (see reference [9] for an overview), but 

the computational cost of this tool grows rapidly with the number of wagons included, 

because more cells are be needed to carry out the simulation. This work employs CFD 

simulations to investigate the minimum number wagons that need to be added behind 

a locomotive to obtain values of drag independent of nose or tail effects. 

 Drag is directly related to energy consumption and is among the most frequent 

topic of investigation in freight train aerodynamics [9]. The container drag in ICTs 

depends on several factors beyond the container position on the train, such as inter-

container gap [5], [6], [10], [11], [12] and yaw angle [13], [14], [15]. Scientific works 

have consistently found that larger gaps have the effect of increasing the drag on 

containers both downstream and upstream of the gap [5], [10]. This occurs because 

when the gaps are small the inter-container vortices prevent the flow form impinging 

in the gap, causing the containers to behave similarly to a single body [6]. When 

crosswind is present, the flow will enter the inter-container region, thus causing a 

higher drag for the same inter-container gap [13], [14]. It should also be noted that in 

the presence of crosswind, other aerodynamic forces (side force and lift) become 

relevant, as they may cause derailment or overturning if not managed properly [16]. 

The effect of container position in the train on drag has been observed in previous 

works [7], [17], [18] but is not yet completely understood. A numerical and 

experimental study proposed that 8 wagons in the wake of a locomotive are sufficient 

to produce drag on the fourth and fifth wagon independent of the effects on the 

extremes [17]. However, full-scale measurements [18] have obtained values of drag 

approximately 50% lower than comparable wind-tunnel experiments [6] and 

numerical works [19]. The greater distance from the nose was proposed as the main 

explanation for the discrepancy [18]. 

 In this work, CFD simulations are run on different ICTs composed of a locomotive 

followed by 6, 7, 8 and 9 wagons. The drag coefficients on the containers placed on 

the wagons are then used to assess how many wagons are needed to obtain values of 

drag independent from the proximity of the container to the nose or tail of the train 

(from hereafter referred to as ‘mid-train’ conditions). This also makes a 

distinguishable contribution to the current body of knowledge by proposing this 

analysis on 60-ft wagons, with two containers mounted on each wagon in one of the 

possible real-service configurations. 

2  Methods 

In this work, CFD simulations have been run on freight trains composed of one 

locomotive and a variable number of 60-ft-wagons to assess the minimum number of 
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wagons necessary to obtain “mid-train conditions”. Train compositions with six, 

seven, eight and nine wagons were tested. On each 60-ft-wagon, two standard ISO 

20-ft-containers were mounted, as shown in Figure 1b, the complete geometry of the 

7-wagons train consist is shown in Figure 1a. The geometry of the locomotive and the 

wagons were taken from an open geometry database of freight rail vehicles [7], [20], 

[21]. 

 

 

 

Figure 1. (a) 7-wagons train consist; (b) Dimensions of the gaps between containers 

and between wagons 

It should be noted that the distance between wagons, as well as the position of 

containers on the wagons correspond to real-service positions. 

 The numerical simulations were run on the software openFoam, using a stationary 

Reynolds Averaged Navier Stokes (RANS) solver and modelling the turbulence with 

the k-omega Shear Stress Transport (k-ω SST) model. The suitability of the numerical 

methodology in terms independence from mesh dimensions and refinements was 

demonstrated in previous numerical campaigns. On all train surfaces, no-slip 

conditions were applied for velocity, and wall functions were adopted for turbulent 

kinetic energy (k), specific dissipation rate (ω) and turbulent viscosity (νT). On the 

inlet a uniform velocity field was set, with magnitude velocity of 120 km/h (resulting 

in a width-based Reynolds number of approximately 5.3 million). A zero-gradient 

condition was chosen for the pressure. The value of pressure was set to at the outlet, 

and on the other patches (including the ground) a no-slip condition was applied, 

together with zero-gradient for the pressure. The SIMPLE algorithm was used as a 

time-marching scheme, with one iteration of non-orthogonal correction. Space and 

time discretization were carried out with second-order schemes. 

 The forces were computed on every container at each iteration. After the 

simulations, the average drag coefficient (𝐶𝐷̅̅̅̅ ) on each container was computed with 

equation (1), using the standard value of 10 m2 as a reference area (AREF). 
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𝐶𝐷̅̅̅̅ =

𝐹𝐷̅̅ ̅

1
2 𝜌𝑈𝐹𝑆

2 𝐴𝑅𝐸𝐹

 (1) 

 

where 𝐹𝐷̅̅ ̅ is the average drag force, ρ is the air density (assumed constant in the 

incompressible solver used in this work) and UFS is the freestream velocity magnitude 

(equal to 33.33 m/s). The values of the average drag coefficient of the containers are 

reported and discussed in the next section. 

3  Results and discussion 

Drag coefficients on each container have been computed and recorded at each iteration 

of the simulation, and then an average value of the drag coefficient has been computed 

for each container. Table 1 shows the drag coefficient on every container in all the 

simulations run. 

 
Wagon 
position 

Container 
position 

Average drag coefficient 

6-wagons 
train consist 

7-wagons 
train consist 

8-wagons 
train consist 

9-wagons 
train consist 

Wagon 1 Upstream 0.292 0.331 0.269 0.318 

Wagon 1 Downstream 0.149 0.153 0.124 0.128 

Wagon 2 Upstream 0.213 0.216 0.104 0.110 

Wagon 2 Downstream 0.155 0.160 0.142 0.124 

Wagon 3 Upstream 0.208 0.198 0.174 0.179 

Wagon 3 Downstream 0.123 0.127 0.151 0.132 

Wagon 4 Upstream 0.178 0.192 0.181 0.183 

Wagon 4 Downstream 0.122 0.117 0.119 0.132 

Wagon 5 Upstream 0.194 0.168 0.186 0.184 

Wagon 5 Downstream 0.126 0.133 0.102 0.133 

Wagon 6 Upstream 0.187 0.183 0.188 0.185 

Wagon 6 Downstream 0.154 0.117 0.122 0.123 

Wagon 7 Upstream - 0.201 0.202 0.207 

Wagon 7 Downstream - 0.165 0.140 0.112 

Wagon 8 Upstream - - 0.177 0.185 

Wagon 8 Downstream - - 0.144 0.124 

Wagon 9 Upstream - - - 0.200 

Wagon 9 Downstream - - - 0.181 

Table 1. Average drag coefficients on all containers in the tested train consists 

It can be observed in the results in Table 1 that containers mounted in the upstream 

position of the wagons exhibit larger  𝐶𝐷̅̅̅̅  values than the ones mounted on the 

downstream position of the wagon. This is likely explained by the different upstream 

and downstream inter-container gaps and by the presence or absence of the wagon 

plane in the inter-container region. Because of these differences, it is useful to 

compare against each other the average drag coefficients of containers mounted in the 
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upstream position of their respective wagons (upstream containers). In Figure 2 are 

plotted the values of 𝐶𝐷̅̅̅̅  of the upstream containers in all train configurations. 

 

 

 

 

 

 

 

 

Figure 2. Average drag coefficients on upstream containers in all tested train 

compositions 

 

 

Based on the results in Figure 2, the 6-wagons and 7-wagons train consists don’t seem 

to reach a stable value of 𝐶𝐷̅̅̅̅  for the upstream containers. The 8-wagons and 9-wagons 

train consists instead show a rather stable value of 𝐶𝐷̅̅̅̅  for the containers on wagons 4 

to 6. Additionally, the values of 𝐶𝐷̅̅̅̅  for these wagons are extremely similar between 

the last two train consists, suggesting that the 𝐶𝐷̅̅̅̅  on these containers are not dependent 

on the effects of proximity to the nose or tail of the train. 

 

 

 

 

 

Similarly to the 𝐶𝐷̅̅̅̅   values of the upstream containers, it is useful to make a 

separate comparison of the values of 𝐶𝐷̅̅̅̅  on the downstream containers. Figure 3 shows 

the values of average drag coefficients on the downstream containers of all train 

consists.  
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Figure 3. Average drag coefficients on downstream containers in all tested train 

compositions 

It can be observed that the drag coefficients on downstream containers do not reach a 

stable value for any of the tested cases, except the 9-wagons train consist. In the 9-

wagons train consist the 𝐶𝐷̅̅̅̅  values for the containers on the wagons from 3 to 5 

undergo extremely small changes and may be considered independent from the 

proximity to head and tail of the train. 

 

 From the separate comparisons of upstream and downstream containers, it can be 

concluded that the wagons 4 and 5 in a 9-wagons train consist are in mid-train 

conditions. On these wagons, the drag coefficients of all containers are independent 

from proximity effects form the extremes of the train. This finding does not imply that 

mid-train conditions on the containers of a single wagon may obtained with a shorter 

train, because a stable 𝐶𝐷̅̅̅̅  value for downstream containers was not reached in the 8-

wagons train consists. 

 

 

Some similarities between all train compositions can be observed in Figure 2. 

The upstream container positioned on the first wagon is subject to the largest drag 

coefficient of all wagons in all the tested consists. This finding is consistent with 

previous CFD analyses run on comparable train consists [7]. This larger values of drag 

coefficients are in part explained by the proximity of the container to the train nose. 

Another reason identified in previous works, however, is the different shape of 

locomotive tail. This difference in geometry causes the flow to behave differently, as 

evidenced by the different pressure distribution that can be observed on the front face 

of the first container downstream of the locomotive.  
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The pressure coefficient is defined in equation (2) to enable a better comparison 

between different cases.  

 
𝐶𝑝̅̅ ̅ =

𝑝̅ − 𝑝𝐹𝑆
1
2𝜌𝑈𝐹𝑆

2
 (2) 

Where 𝑝̅ is the average static pressure and 𝑝𝐹𝑆 is the freestream pressure (set to zero 

in this case). Figure 4 shows a comparison of the pressure coefficient distribution on 

the front face of different containers. Specifically, the 𝐶𝑝̅̅ ̅ distribution on the upstream 

container from the present work (Figure 4a) and from the first container downstream 

of the locomotive from a previous comparable analysis [7] (Figure 4b). In contrast 

Figure 4c, Figure 4d, Figure 4e and Figure 4f show respectively the 𝐶𝑝̅̅ ̅ distribution on 

the front face of the fourth, fifth, sixth and seventh upstream containers in the 9-

wagons train composition. 

 

 

Figure 4. Average pressure coefficient distribution on: (a) the upstream container in 

wagon 1 of the 9-wagons train consist; (b) on the first container downstream of the 

locomotive in a previous analysis [7]; (c) the upstream container in wagon 4 of the 9-

wagons 

It can be observed that both in the present and previous study, the container 

immediately downstream of the locomotives presents a large high-pressure region 

roughly in the lower half of the container face, with regions of lower pressure at the 

top half. A different distribution is observed in Figure 4c to Figure 4f, where the 

highest-pressure region is on top and regions of lower pressure are at the medium 
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height of the container face. These latter figures show that the pressure coefficient 

distribution in the 9-wagons train consist remain quite consistent for the upstream 

containers on these wagons. 

 The results in this study are compatible with previous work that analysed train 

consists composed of a locomotive followed by an increasing number of wagons [17]. 

This previous work suggested that a minimum number of eight wagons (behind a 

locomotive) were necessary to obtain aerodynamic forces on the fourth and fifth 

wagon that would be independent from proximity to the extremes. This previous study 

adopted some importantly different decisions (namely, the use of open wagons instead 

of couples of containers on flat wagons). Despite this difference, the results of this 

study are in broad agreement with the findings of the present work regarding upstream 

containers, while larger discrepancies exist with the findings of the present work 

regarding the downstream containers. This suggests aerodynamic forces on 

downstream containers are more sensitive to proximity to the extremes of the train 

than those on upstream containers. 

4  Conclusions and Contributions 

This work presents an investigation on the effects that the wagon position in a train 

consist has on the aerodynamic forces on containers. Specifically, a series of CFD 

simulations has been run on four train consists composed of an increasing number of 

wagons with containers mounted on them in real-service positions. The drag 

coefficients of the containers have been compared to assess the effect of proximity of 

the container to the nose or tail of the train, as well as the minimum number of wagons 

necessary to obtain container drag coefficients independent from these effects. A 

distinguishing contribution of this work is the fact that this analysis has been carried 

out on 60-ft containers, able to carry two 20-ft containers (in one of the possible real-

service configuration). Separate investigation of drag coefficient behaviour in 

upstream/downstream containers were possible as a result of this choice. 

 The results of this work suggest that in simulating an intermodal freight train with 

the objective of determining aerodynamic forces on the containers, at least nine 

wagons should be included downstream of the locomotive for the results are to be 

independent of proximity effects from the nose and tail of the train. The simulations 

run on the 9-wagons train consist show that average drag coefficients on the containers 

mounted on the fourth and fifth wagons are not dependent on the proximity to the 

extremes of the train and could be considered representative for a long ICT. 

 The simulations of this work have been set up with freestream flow parallel to the 

longitudinal direction of the train (meaning with a yaw angle of 0 degrees). However, 

the presence of crosswind could carry the complex flow around each wagon away 

from the wagons downstream. This could potentially reduce the effect of the wake 

and thus change the minimum number of wagons needed to obtain mid-train 

conditions. Further research is needed to investigate the impact of crosswind on this 

point. Finally, this work is focused only on the drag coefficient of containers, but 

energy consumption of intermodal freight trains is dependent on the total drag of the 

wagons. Future research on this topic should also include the behaviour of drag 

coefficient of full wagons. 
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