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Abstract 

Large-Eddy Simulations (LES) have been carried out on a 1:25 scale model truck, subjected to 

headwinds and a 30-degree wind yaw angle at a Reynolds number of 200,000.  The Subgrid scales 

(SGS) have been modelled using a standard Smagorinsky model. Surface pressure shows a good level 

of agreement when compared to full-scale experimental studies. Time-averaged vortex cores and flow 

features were examined. Aerodynamic drag and lift coefficients have been calculated and power 

spectral analysis of the time varying coefficients have been carried out. 

1 Introduction    

With environmental, political, and economic pressures on industry to reduce carbon emissions, newly 

designed vehicles are required to be more fuel-efficient. Understanding the relationship or 

relationships between the flow structures that are generated around a vehicle and its corresponding 

aerodynamic properties will help mitigate the large drag forces associated with today’s heavy goods 

vehicles. Moreover, a commonly adopted solution to improve efficiency is to reduce the vehicle’s 

weight. Due to this general trend high-sided vehicles are becoming more susceptible to course 

deviations and in extreme cases vehicles have been known to overturn, (Baker & Reynolds, 1992). 

Thus, it is becoming increasingly more important to understand the dynamics of airflow around 

vehicles. 

Some of the existing research methods used to investigate vehicle aerodynamics include full-scale 

experimental work (Quinn et al., 2007), wind tunnel modelling (Cheli et al., 2006) and Computational 

Fluid Dynamics (CFD), (Hargreaves & Morvan, 2007). The existing full-scale studies and wind tunnel 

modelling methods are limited to evaluating pressures and velocities at discrete spatial locations. The 

computations carried out by (Hargreaves & Morvan, 2007) used Unsteady Reynolds-Averaged 

Navier-Stokes (URANS). Using this method the fundamental physics of the instantaneous flow are 

lost as Reynolds stresses representing the turbulence are modelled. In order to capture key fluid flow 

behaviour, the governing flow equations need to be solved in time and space down to the wall 

including resolving boundary layer structures. 

Section 2 outlines the CFD methodology used to set up the LES. Section 3 compares surface pressures 

from the simulations and previous experimental studies, this serves as a preliminary validation to the 

computational approach used. Comparisons of the time-averaged flow structures from the LES are 

made in section 4. A spectral analysis of the force coefficients reveals the dominant frequencies of 

vortex shedding in section 5. 

2 Methodology 

LES have been carried out on the flow around a 1/25
th
 scale model vehicle. Two cases were 

considered, case 1 is of a vehicle travelling in headwinds, and case 2 is of a vehicle being subjected to 

30-degree yaw winds. Simulations were carried out at a Reynolds number of 200,000 based on the free 

stream velocity, U∞ and the height of the vehicle, h. The SGS have been modelled using a 
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Smagorinsky model with the Van-Driest damping function. This SGS model has been shown to give 

good results in previous studies (Hemida & Baker, 2010; Krajnović & Davidson, 2002). To simulate 

the conditions of the full-scale studies (Quinn et al., 2007) the vehicle is fixed in the domain and air 

uniformly enters at the inlet. No-slip boundary conditions have been applied to the ground and the 

surface of the vehicle. Slip boundary conditions have been applied to the roof. For the inlet, ground, 

and surface of the vehicle homogeneous Neumann boundary conditions have been used for the 

pressure, stating a zero pressure gradient. A convective boundary condition was used at the outlet.  

The equations were discritised using second-order-accuracy schemes. To isolate the effects of mesh 

resolution two hexahedral dominant meshes were generated for each case. In the headwinds case the 

coarse and fine mesh contained 2.8 and 11 million cells respectively. In the crosswinds case the coarse 

and fine mesh contained 3.5 and 14.2 million cells respectively. A mesh dependency analysis showed 

that the results of the fine mesh are similar to those of the coarse mesh with regards to surface pressure 

and aerodynamic coefficients. The results presented here have been taken from the fine mesh. 

3 Validation 

In order to validate the method used, a comparison of the surface pressure from the simulation of a 

vehicle traveling in headwinds has been made with the surface pressure data collected from the full-

scale experimental work (Quinn et al, 2007). In this study, real time data was collected on the velocity 

and direction of the wind using an ultrasonic anemometer and throughout the study static pressure 

tapping points were flush with the surface of the vehicle. Fig. 1 shows a comparison between the LES 

results and the full-scale experiments; here a reasonable level of agreement is seen. In addition to the 

LES a RANS SST K-Omega model has been used, this is a model that is commonly used in industry 

as it generates solutions quickly and is much less computationally intensive. However, as can be seen 

from the first cross section the SST K-Omega model failed to pick up the low pressures found at the 

front of the vehicle this is due to the fact that RANS methods struggle to predict airflows in regions of 

high turbulent activity and therefore it is not appropriate for this project.  

4 Time -averaged result 

By averaging instantaneous flow field data over some time interval, time-averaged solutions are 

generated. The averaging time interval for the headwinds case was t*=313 and for the crosswinds 

case, t*=2110. By analysing the field it is possible to identify the vicinity of the large-scale coherent 

structures. To visualize the flow topology the vortex core method, a tool developed by (Sujudi & 

Haimes, 1995) has been implemented and the results are shown in Figs. 2(a) and 2(d). By evaluating 

the eigenvalue of the velocity gradient tensor, it is possible to identify the centre of a swirling flow. 

The dominant vortex structures can be found by plotting velocity vectors and streamlines at a number 

of cross-sections around the vehicle, Figs. 2(b) and 2(e) highlights this method. Figsures 2(c) and 2(f) 

are schematic representations of the dominant vortex structures showing regions of high turbulent 

Figure 1, Comparison of the headwinds simulation results against the experimental data collected, at a 

number of different cross sections along the truck container. 
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activity at which large energy losses are expected. 

5 Spectral analysis 

As coherent structures continually attach and detach from the surface of the vehicle, the aerodynamic 

properties of the vehicle fluctuate in time. Figs 3(a) and (c) show the time histories of the drag and lift 

forces for the two cases. The vehicle subjected to crosswinds has a larger drag and lift force compared 

to the headwinds case, suggesting that under crosswinds the vehicle is less stable or this may be 

because coefficients are scaled by the same cross sectional area. By taking a Fourier Transform (FT) 

of the time varying signal and multiplying it by the conjugate of the FT, the Power Spectral Densities 

(PSD) of the forces have been obtained and are shown in Figs 3(b) and 3(d). The PSD has been plotted 

against the Strouhal number, St=fh/U∞, where f is the frequency of the force coefficients. In Fig. 3(b) 

four dominant low frequencies exist for headwinds and crosswinds. However, the first two peaks are 

unreliable, as the simulation has not run for a sufficiently long enough period of time to be able to pick 

up such low frequencies. It should be noted that an St of 0.01 corresponds to around 4 cycles and an St 

of 0.05 corresponds to around 20 cycles. The second two peaks at St≈0.05 and St≈0.1 for the 

 

Figure 3, (a) and (c) Time histories of the aerodynamic drag and lift respectively, (b) and (d) 

Corresponding Power Spectral Density for aerodynamic drag and lift respectively. 

Figure 2, (a) and (d) Eigenvalue method to view vortex cores, (b) and (e) Streamlines and velocity 

vectors for a range of cross sections, (c) and (f) Schematic diagram of the time-averaged vortex cores. 
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headwinds case and St≈0.05 for the crosswinds case is comparable to the large scale vortex shedding 

seen in the wake of the vehicle. There also exists a higher frequency mode in the crosswinds case at St

≈0.38; this shows that small structures with high frequency containing significant amounts of energy 

are interacting with the surface of the vehicle. For St>0.4 high frequencies do not exist for both cases. 

In the PSD of the coefficient of lift, Cl, there are a number of peaks in the range 0.05<St<0.44, for 

crosswinds case. This is due to the vehicle shedding vortices at a wide range of scales. It should be 

noted that these larger peaks in comparison to the headwinds case shows that significantly more 

energy is lost from above and below the vehicle.  

6 Conclusions 

Large-Eddy Simulations were successfully carried out on the flow around a vehicle travelling in 

headwinds and around a vehicle subjected to 30-degree yaw wind. To help validate the methods used 

surface pressures from the simulation results have been compared to full-scale experimental data 

collected in a previous study by (Quinn et al., 2007). LES results compared well with the experimental 

data, and simulations fell well within two standard deviations of the mean of the experiments. 

However the RANS model failed to pick up the low pressures seen at the front of the vehicle. 

Complex time-averaged vortex structures have been identified around the vehicle, these regions are of 

interest as they show regions of high turbulent activity and it is where large energy losses can be found. 

Time histories of the force coefficients have been detailed and analysed using PSD analysis. Results 

show a wide range of low and high frequency peaks. The frequencies of vortex shedding in the case of 

a vehicle subjected to crosswinds are found to be higher than those without crosswinds. Further work 

that is being carried out is comparing surface pressure spectra between the experimental data collected 

and the data collected from the computational simulations. 
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