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Introduction 
 
It is our pleasure to present these proceedings for “The Aerodynamics of Heavy 
Vehicles II: Trucks, Buses and Trains” International Conference held in Lake Ta-
hoe, California, August 26-31, 2007 by Engineering Conferences International 
(ECI).  Brought together were the world’s leading scientists and engineers from 
industry, universities, and research laboratories, including truck and high-speed 
train manufacturers and operators.  All were gathered to discuss computer simula-
tion and experimental techniques to be applied for the design of the more efficient 
trucks, buses and high-speed trains required in future years.  
 
This was the second conference in the series. The focus of the first conference in 
2002 was the interplay between computations and experiment in minimizing aero-
dynamic drag. The present proceedings, from the 2007 conference, address the 
development and application of advanced aerodynamic simulation and experimen-
tal methods for state-of-the-art analysis and design, as well as the development of 
new ideas and trends holding promise for the coming 10-year time span. Also in-
cluded, are studies of heavy vehicle aerodynamic tractor and trailer add-on de-
vices, studies of schemes to delay undesirable flow separation, and studies of un-
derhood thermal management.   
 
We would like to thank the ECI organizers for their efficient organization of the 
meeting.  In addition, we would like to express our appreciation to all session 
chairs, the scientific advisory committee, authors, and reviewers for their many 
hours of dedicated effort that contributed to a successful conference, and that are 
manifest in this proceeding. We also gratefully acknowledge the financial support 
received from ECI, the United State’s Truck Manufacturers Association, Interna-
tional Truck and Engine Corporation, Lawrence Livermore National Laboratory, 
and CD Adapco. 
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Bluff Body Flow Research with Application to 
Road Vehicles 
 

Peter Bearman 

Department of Aeronautics, Imperial College, London, SW7 2AZ, UK 
p.bearman@imperial.ac.uk 

Abstract   This paper explores a number of aspects of bluff body research that 
may help in the understanding and advancement of the aerodynamics of heavy ve-
hicles. The relationship between the lift and drag of bodies moving close to the 
ground is discussed and the unsteady trailing vortex structure of a vehicle is illus-
trated. The importance of the ground boundary condition and the flow structure 
around wheels rotating in contact with the ground are also described. Methods for 
the reduction of forebody and base drag are discussed and the possibilities for us-
ing flow control techniques to modify free shear layer development as a means of 
reducing drag are addressed. Finally the role of the natural wind, particular atmos-
pheric turbulence, in affecting vehicle flows is examined.  

Introduction  

 Road vehicles are subject to design constraints which severely limit aerody-
namic efficiency and practical vehicles operate with regions of separated flow. 
While much of our understanding of road vehicle aerodynamics has developed 
through the application of techniques used in the aerospace industry, vehicles fall 
into a category of bodies that are aerodynamically bluff.  For streamlined bodies 
considerable advances are being made in using flow control methods to reduce 
skin friction drag but with bluff bodies the emphasis needs to be on minimising 
pressure drag. This means keeping flow attached over as much of the body surface 
as possible and raising the pressure in the large separated region at the rear of a 
vehicle. For economic, environmental and political reasons, drag reduction is a 
prime goal but it should be kept in mind that aerodynamics affects other important 
aspects of vehicle operations including: cooling, handling and noise. However, in 
this paper the main emphasis is placed on the processes of drag generation and 
drag reduction of road vehicles. 
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Aerodynamics is a key technology in motor racing, particularly for the open-
wheeled vehicles used, for example, in Formula 1. Here significant advances have 
been made in wind tunnel test techniques and in the appreciation of the impor-
tance of the correct simulation of the ground boundary condition. This has led to 
improved understanding of lift generating mechanisms and the complex problem 
of wheel flow, which in one form or another affects all road vehicles. A further 
consideration is that vehicles are exposed to the natural wind and as a result can 
experience yawed flow and aerodynamic loading influenced by turbulence. Here 
there is an obvious connection with the study of wind loading on buildings and 
structures. Hence in addressing the aerodynamics of heavy road vehicle, ideas will 
be drawn from aerospace, wind engineering, motor racing, as well as from basic 
research on bluff bodies. In summary, some of the important aerodynamic consid-
erations for road vehicles are: 

• Large areas of separated flow leading to high drag 
• Close proximity to the ground which influences both lift and drag 
• The presence of wheels 
• The effects of the natural wind introducing yawed flow and turbulence 
• Interference due to the close proximity of other vehicles 

The Relation between Lift and Drag 

For an aircraft, lift is accompanied by the generation of trailing vortices and 
these vortices contribute to induced or lift-related drag. Total drag is then the 
summation of profile drag and induced drag. However, for road vehicles the rela-
tionship between lift and drag is more complex because even in an ideal, or invis-
cid, flow lift can be generated on a body moving close to a boundary. This mani-
fests itself as an attractive force between the body and its imaginary image in the 
boundary. For example, a sphere moving near the ground through an ideal fluid 
generates a force towards the ground and the associated lift coefficient can rise to 
nearly -0.4 when the gap between the sphere surface and the ground is very small. 
This force is generated without the shedding of trailing vortices and without drag. 
For a road vehicle the lift will be a combination of this component and the more 
familiar one experienced by lifting bodies in a real fluid. It is the latter component 
that is related to trailing vortices and drag generation. 
Most vehicles generate lift but the associated trailing vortices are unsteady and 
rapidly dissipate since they are influenced by the large separated region at the rear 
of a vehicle. Figure 1 shows two velocity maps measured in the near wake of a 
passenger car model using particle image velocimetry and reported by Wang et al 
(1996). They were measured a short time apart and it is clear that there are sub-
stantial differences in the two plots. However, if a small number of these maps are 
averaged then the time-average picture that appears is quite different. Figure 2 
shows the result of averaging just 10 plots and now we see the emergence of a pair 
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of trailing vortices but it is clear that the vortex structure in the instantaneous flow 
is very different to the time-average one. Such observations give strength to the 
argument that LES methods are likely to be more appropriate for computing vehi-
cles flows than using the RANS equations coupled with a turbulence model. 
 

Fig. 1 Instantaneous cross-flow velocity maps measured in the near wake of a passenger car 
model at a vertical plane 20% of the car length from the rear bumper 

 
Fig. 2 The velocity field obtained from the average of only 10 instantaneous velocity maps 

The Ground Boundary Condition and Wheels 

Wind tunnel testing using a rolling road has become standard practice for many 
racing car applications where an important feature is the low ground clearance. As 
well as generating the correct ground boundary condition, a further advantage of 
using a rolling road is that wheels and their effect on aerodynamic performance 
can be correctly simulated. Although at first sight there may not appear to be too         
many similarities between a Formula 1 racing car and a tractor-trailer vehicle, 
when ground clearance is expressed as a fraction of vehicle length the values for 
the two are not so different. Also for both vehicles the wheel flows are important, 
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particularly for a trailer where wheels are often very exposed. If vehicle flow is 
considered in a wind tunnel frame of reference where the ground is correctly 
simulated, an obvious observation is that the relative flow speeds beneath and over 
a vehicle are similar. This has an important implication for drag reduction since 
there are many potential drag generating components under a vehicle and design-
ers need to pay as much attention to the design of the underbody as they do to the 
more visible parts of a vehicle. 

Obtaining a full understanding of the flow around a rotating road wheel pre-
sents a challenging problem. Working in a wind tunnel frame of reference, the 
flow travelling along the ground meets flow driven by the no slip condition at the 
tyre surface, which is a thin layer of flow rotating with the wheel, in the region of 
contact between the wheel and the ground. The result of these flows coming to-
gether is the sideways jetting flow that can be seen in the instantaneous PIV veloc-
ity field plotted in Fig. 3. Here the measurement plane is very close to the ground 
and parallel to it and the free stream flow is from left to right. The jet and resulting 
large region of locally disturbed flow are clearly visible in this plot from a study 
of a racing car wheel by Pegrum (2006). The investigation of this problem is made 
even more complex because contact with the road occurs over a patch of tyre and 
the contact area may change in response to varying driving conditions.  

  

 
Fig. 3 An instantaneous velocity field measured in a horizontal plane just above the contact patch 
of a rotating wheel (Pegrum (2006)) 

As discussed by Fackrell and Harvey (1975) in their pioneering work on wheel 
flow, separation from the circumferential tyre surface is affected strongly by 
wheel rotation. Again working in a stationary frame of reference, at the top of the 
wheel the flow at the surface is moving in opposition to the free stream flow. For a 
rotating wheel flow separation is brought forward compared to that for a non-rotating 
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one. Reynolds number effects on the flow about a rotating wheel are far less than 
those for the classic problem of a fixed circular cylinder where a large drop in 
drag coefficient occurs in the critical Reynolds number regime. Zdravkovich et al 
(1998) have termed small aspect ratio circular cylinders “coin-like” bodies where 
separation from the front edges is as important, or perhaps more important, than 
separation from the curved boundary. Wheel flows fall into a similar category and 
they give rise to the shedding of a vortex system that is quite different to that for a 
two-dimensional cylinder. Figure 4 shows a plot of vorticity passing through a 
vertical plane placed 20% of the wheel diameter behind the back of a wheel. This 
data, obtained by Pegrum (2006) using PIV, shows two pairs of counter-rotating 
vortices, one pair emanating from the upper edges of the tyre and  

 
Fig. 4 Vorticity field showing the wake structure at 20% of a diameter behind a wheel  
(Pegrum (2006)) 

the other forming lower down in the near wake. The self-induced velocity on the 
upper pair drives the vortices down and they merge with the lower pair. Hence 
further downstream only one pair of vortices can be found. Figure 5, due to Sad-
dington et al(2007), shows how the vortex configuration changes with distance 
behind an isolated wheel. It should be noted that wheel wake flows are highly un-
steady and the sketches in Fig. 5 present a time-average picture. 
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Fig. 5 Vortex Structure behind a Rotating Wheel, left 0.5 diameters downstream and right 2 di-
ameters downstream (Saddington et al (2007)) 

Drag Reduction of Heavy Vehicles 

As mentioned earlier, possibilities for drag reduction of heavy vehicles are limited 
by the requirement that the basic function of the vehicle should not be compro-
mised. This puts a serious constraint on what might be done to reduce the base 
drag of a trailer, for example. The aerodynamic drag of a heavy vehicle results 
primarily from differences in pressure acting on forward and rearward facing sur-
faces and for the simplified vehicle shape shown in Fig. 6 the drag can be conven-
iently split into forebody and base drag components. The techniques for reducing 
these two components differ. To reduce the forebody drag, regions of flow separa-
tion need to be minimised. For the basic body shown in Fig. 6 this might be done 
by increasing corner radii and by enhancing the mixing in the separated shear 
layer to encourage earlier reattachment. The more difficult problem is to reduce 
base drag because the practical constraints are much more severe here. To increase 
the pressure in the base region some form of mild boat-tailing might be used to 
raise the pressure ahead of separation. Alternatively, since the base pressure is re-
lated to the entrainment of fluid into the surrounding separated shear layers, the 
base pressure would increase if the mixing in the separated shear layers could be 
reduced. Modern developments in flow control technology are providing interest-
ing possibilities for achieving this. 

 Techniques that have been used, and also those that might be used in the future, 
to reduce the drag of heavy road vehicles include: 

• Shielding, incorporating the strategy of driving in close platoons 
• The long established method of fitting cab-top deflectors to reduce fore-

body drag 
• Surface treatments to delay separation, possibly including the use of 

dimples 
• Base cavities and boat-tailing to reduce base drag 
• Active and passive methods applied to the control of separation 
• Active and passive methods applied to the control of separated shear 

layer development 
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Fig. 6 A highly simplified heavy road vehicle 

Considerable success can be achieved in reducing drag by attention to a large 
number of small details on a vehicle. This is sometimes referred to as aerodynamic 
tuning but it can only be taken so far and a significant region of separated flow is 
always likely to remain at the rear of a vehicle. For a bluff body with fixed separa-
tion, say from sharp edges, the higher the base suction then the smaller the time-
average recirculation region in the near wake. Hence, to reduce drag the recircula-
tion region must be made larger, not smaller. This can be achieved by reducing 
stresses in the free layers so as to reduce entrainment from the near wake and 
hence raise the base pressure. The challenging problem this poses is how can the 
structure of separated shear layers be controlled in such a way as to reduce 
stresses? 
Chun and Sung(1996) have carried out an experimental study of flow over a 
backward-facing step where the separating shear layer has been excited by an os-
cillating jet. The experimental set up is shown in Fig.7 and it can be seen from the 
detail that the massless jet issues from a small slit at the corner of the step. Some 
of the results from this experiment are reproduced in Fig. 8 where the mean flow 
reattachment distance behind the step, Xr, non-dimensionalised by the reattach-
ment distance with no blowing, is plotted against non-dimensional forcing fre-
quency. Here the frequency of forcing is non-dimensionalised by using the step 
height and the approaching flow velocity to form the parameter StH. The results 
for three jet velocity amplitudes are plotted and they all show similar features. As 
frequency is increased the reattachment length shortens, a minimum is reached 
and for high values of frequency the reattachment length extends beyond that for 
no jet. An interpretation of these results is that the Kelvin-Helmholtz type instabil-
ity in the shear layer is enhanced at low values of the frequency parameter leading 
to increased entrainment, higher base suction and a shorter reattachment length. 
From the viewpoint of drag reduction, the significant result is the increase in reat-
tachment length for high forcing frequencies where presumably the high fre-
quency massless jet interferes in a beneficial way with the shear layer instability 
mechanism leading to reduced stresses. This will result in a lower base drag on the 
step. 
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Fig. 7 Control of flow over a backward-facing step (Chun and Sung (1996)) 

 
Fig. 8 Reattachment length behind a backward-facing step versus non-dimensional forcing fre-
quency (Chun and Sung (1996))  

A further example of the effectiveness of a massless jet can be found in the nu-
merical simulations of Dandois et al (2007). Figure 9 shows examples of their di-
rect numerical simulations of flow over a rounded two-dimensional, backward-
facing ramp. The upper plot shows the mean flow without control, the middle one 
is with low frequency forcing and the effect of high frequency forcing is shown in 
the lower plot. Again enhanced entrainment occurs for low frequency forcing and 
some suppression takes place for high frequency forcing leading to a substantial 
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increase in reattachment length. The application of such techniques to reduce the 
drag of road vehicles appears possible but further research is required to determine 
the overall efficiency of such a control method, its optimisation and practicality. 
Nevertheless, it presents an interesting new direction. 

 

 
Fig. 9 Numerical simulations of flow control over a two-dimensional ramp using a massless jet: 
upper no control, middle low frequency forcing, lower high frequency forcing (Danois et al 
(2007)) 

The Influence of the Natural Wind on Road Vehicle Flows 

Road vehicles are subjected to strong flow disturbances generated by other ve-
hicles and by the natural wind. The influence of the wind can be summarised as 
follows: 

• Changes occur in the magnitude and direction of the relative approaching 
flow 

• Small angles of yaw can lead to increases in aerodynamic drag and the 
generation of side forces that may give rise to handling problems 

• Turbulence produced by the wind generates unsteady aerodynamic forces 
• The presence of turbulence may change mean force coefficients 
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Bearman and Morel (1983) reviewed the effects of free stream turbulence on the 
flow around bluff bodies and identified two mechanisms by which turbulence can 
influence the mean flow about a body. These are shown in diagrammatic form in 
Fig. 10 for an attached boundary layer and a free shear layer. For vehicles, turbu-
lence can affect separation, reattachment and the pressure in a separated region. 
 

 
Fig. 10 Two mechanisms by which free stream turbulence affects flows (Bearman and  
Morel (1983)) 

 
Fig. 11 Base pressure coefficients acting on square and circular thin plates set normal to turbu-
lent flow 

Figure 11 shows the effect of turbulence on the base pressure acting on thin plates 
mounted normal to a flow. Base pressure coefficient is seen plotted against a tur-
bulence parameter involving the product of the free stream turbulence intensity 
and the ratio of turbulence scale length squared to plate area. This parameter is 
discussed by Bearman (1971) and has been devised on the assumption that the 
main effect of turbulence for the plates is to enhance mixing in their near wakes. 
While buildings may be exposed to turbulence levels of 20% or more, vehicles 
that are moving in the presence of wind see substantially lower relative intensities 
under conditions of high vehicle speeds. A practical range for the turbulence 
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parameter used in Fig.11 may be up to 0.06 but as can be seen from the results this 
can still lead to a significant increase in base suction. 

The interaction between a turbulent approaching flow and a road vehicle is 
complex and gives rise to a number of different effects that are too varied to go 
into further detail here. However, let it suffice to say that turbulence gives rise to 
uncertainties when comparing on road measurements of aerodynamic quantities 
with measurements made in a conventional smooth flow wind tunnel.  
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Abstract   There is a robust scientific consensus that human-induced climate 
change is occurring.  The recently released Fourth Assessment Report of the IPCC 
states with “very high confidence,” that human activity has caused the global cli-
mate to warm.  Many well-documented observations show that fossil fuel burning, 
deforestation, and other industrial processes are rapidly increasing the atmospheric 
concentrations of CO2 and other greenhouse gases.  An increasing body of obser-
vations and modeling results shows that these changes in atmospheric composition 
are changing the global climate and beginning to affect terrestrial and marine eco-
systems.  In this talk, I’ll review observed and projected changes to the US cli-
mate, discuss the sectoral contributions to US greenhouse gas emissions and 
speculate about the future of the US carbon economy. 
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Abstract   The emergence of the computational tools capable of accurately pre-
dicting the flow properties around complex geometries has opened new opportuni-
ties in the design of automotive components and their integrations.  In particular, 
one may now be able to predict the acoustic noise produced by the unsteady fluid 
motion induced by the individual parts and quantitatively evaluate their loudness 
and spectral (i.e. frequency content) without relying on semi-empirical models.  
To demonstrate this capability the flow noise produced by two configurations 
typical of automotive applications – namely the outside rear view mirrors and the 
rain gutters – are examined quantitatively.  Relevant details regarding the predic-
tion methods as well as a selection of results are discussed. 
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Abstract   Standard CFD methods require a mesh that fits the boundaries of the 
computational domain. For a complex geometry the generation of such a grid is 
time-consuming and often requires modifications to the model geometry. This pa-
per evaluates the Immersed Boundary (IB) approach which does not require a 
boundary-conforming mesh and thus would speed up the process of the grid gen-
eration. In the IB approach the CAD surfaces (in Stereo Lithography –STL- for-
mat) are used directly and this eliminates the surface meshing phase and also miti-
gates the process of the CAD cleanup. A volume mesh, consisting of regular, 
locally refined, hexahedrals is generated in the computational domain, including 
inside the body.  The cells are then classified as fluid, solid and interface cells us-
ing a simple ray-tracing scheme. Interface cells, correspond to regions that are par-
tially fluid and are intersected by the boundary surfaces. In those cells, the Navier-
Stokes equations are not solved, and the fluxes are computed using geometrical 
reconstructions. The solid cells are discarded, whereas in the fluid cells no modifi-
cations are necessary. The present IB method consists of two main components: 1) 
TOMMIE which is a fast and robust mesh generation tool which requires mini-
mum user intervention and, 2) a library of User Defined Functions for the 
FLUENT CFD code to compute the fluxes in the interface cells. This study evalu-
ates the IB approach, starting from simple geometries (flat plate at 90 degrees, 
backward facing step) to more complex external aerodynamics of full-scale fully-
dressed production vehicles. The vehicles considered in this investigation are a se-
dan (1997 Grand-Prix) and an SUV (2006 Tahoe). IB results for the flat plate and 
the backward-step are in very good agreement with measurements. Results for the 
Grand-Prix and Tahoe are compared to experiments (performed at GM wind tun-
nel) and typical body-fitted calculations performed using Fluent in terms of sur-
face pressures and drag coefficients. The IB simulations predicted the drag coeffi-
cient for the Grand-Prix and the Tahoe within 5% of the body-fitted calculations 
and are closer to the wind-tunnel measurements. 
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Introduction 

Numerical simulations allow the analysis of complex phenomena without resort-
ing to expensive prototypes and difficult experimental measurements. This trend, 
to bring CFD to bear on vehicle aerodynamics design issues, is appropriate and 
timely in view of the increasing competitive and regulative pressures being faced 
by the automotive industry [1].  
 
The industrially relevant geometries are usually defined in the CAD environment 
and must be cleaned (small details are usually eliminated and overlapping surface 
patches are trimmed- before it can be used for computational analysis).  A smooth 
water-tight surface mesh is then generated to serve as a boundary condition for the 
volume mesh. There are mainly two types of approaches in volume meshing, 
structured and unstructured meshing. In structured mesh, the governing equations 
are transformed into the curvilinear coordinate system aligned with the surface. It 
is trivial for simple shapes, however, becomes extremely inefficient and time con-
suming for complex geometries. In the unstructured approach, there is no trans-
formation involved for governing equations. The integral form of governing equa-
tions is discretized and either a finite-volume or finite-element scheme is used. 
The information regarding the grid is directly incorporated into the discretization. 
Unstructured grids are in general successful for complex geometries. However, the 
quality of these grids deteriorates with complex shapes. In addition, there is large 
computational overhead owing to a large number of operations per node and low 
accuracy in combination with the low-order dissipative spatial discretization.  
 
The Immersed Boundary (IB) method [2] is an alternative procedure that can han-
dle the geometric complexity, and at the same time retains the accuracy and high 
efficiency of the simulations performed on regular grids. This represents a signifi-
cant advance in the application of CFD to realistic flows.  It uses Cartesian-like 
meshes in a simple, fictitious computational domain obtained by eliminating the 
object of interest (i.e. the road vehicles in the present application).  
 
The main objective of this study is to evaluate the IB method to assess the accu-
racy, robustness, and the speed for routine aerodynamics simulations in the auto-
motive industry. The IB flow simulations are presented for two simple geometries 
as well as for two production vehicles. The vehicles considered in this investiga-
tion are a sedan (1997 Pontiac Grand-Prix) and an SUV (2006 Chevy Tahoe). 

The IB Method 

The IB method is an alternative procedure in which a non-body conformal grid is 
used. The method “immersed boundary” was first developed by [3] to simulate 
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cardiac mechanics and the associated blood flows. In the present approach, the 
boundary surfaces are still present but the volume mesh is generated independ-
ently. Because the volume grid does not conform to the solid boundary, enforcing 
the physical boundary conditions requires a modification of the equations in the 
vicinity of boundary. Consider the Navier-Stokes equations below, 
 

£(U) = 0 in Ωf (volume) (1) 
 

with U = U Γ on Γb (surface) (2) 
 
Where U = (u,p) and £ are the operators representing the Navier-Stokes equations. 
u and p refer to the velocity components and the pressure, respectively. Conven-
tional methods proceed by developing a discretization of equation (1) on a body-
conformal grid where the boundary condition (equation 2) on the immersed sur-
face Γb is enforced directly. For IB, a forcing function is used in the governing 
equations that reproduce the effect of the boundary.  
 

£(U) = fb     (volume + surface) (3) 
 
The above system of equations is solved in the entire fluid domain. The forcing 
function fb can be defined before and after the discretization step which leads to a 
dichotomy among different IB methods. A detailed discussion is provided in [4]. 
In the present approach, the forcing is defined after the discretization step and is 
applied in all the cells cut by the immersed surfaces (interface cells). The forcing 
is computed such that the desired boundary value is recovered at the location of 
the immersed boundary. In finite volume methods, source terms can be interpreted 
as flux imbalances and, in the current implementation of the IB method, the forc-
ing is actually replaced by a modified flux applied at the faces connecting fluid 
and interface cells. No modification (fb =0) is applied at the fluid cells. 
 
In the IB approach, the ramifications of the boundary treatment on the accuracy 
and the conservation properties of the numerical scheme are not trivial. In the 
body-fitted method the conformal grid aligns the gridlines and the body surface 
and allows better control of the grid resolution in the vicinity of the body. How-
ever the same is not true for the IB methodology and this results in an increase in 
the grid size with the Reynolds number for the IB. As described by [4], the grid 
size ratio would scale to (Re)1.5  for a 3D body.  
 
A schematic diagram depicting the CAD to the CFD solution in the IB framework 
is shown in Fig. 1. The IB approach in this study consists of two main parts; 1) 
TOMMIE, a mesh generation tool, and 2) IBLIB, a set of User Defined Functions 
(UDFs) for the FLUENT CFD code which are described briefly in the following 
sections. 
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Fig. 1 Schematic diagram for the CAD to CFD solution in the IB approach. 

1. TOMMIE 

TOMMIE is the immersed boundary grid generator written in ANSI C++. It per-
forms four main functions, namely the grid generation, the interface and the inte-
rior cell determination, wall-distance calculation and the evaluation of the weight-
ing coefficients for the immersed boundary interpolation.  
 
Geometries are imported in ASCII Stereo-Lithography format (STL). The STL 
representation of a surface is a collection of unconnected triangles of sizes in-
versely proportional to the local curvature of the original surface. The format is 
standard for the Rapid Prototyping community and all the CAD systems have the 
ability to export a given surface in the STL format automatically. This allows the 
treatment of any complex geometry without the need to generate an intermediate 
CFD surface mesh. 
 
The geometry is placed on a structured background Cartesian mesh. This mesh 
covers the entire computational domain which includes the region inside the body. 
The generation of this grid is extremely simple and automatic. The mesh stretch-
ing is based on the location of the immersed boundary, and the cells are clustered 
near the object surface in accordance to the normal and tangential resolution as 
specified by the user. Several window refinements (rectangular, spherical and cy-
lindrical) can be introduced to cluster the cells in the regions of interest such as the 
wake, underbody and the stagnation regions. The geometrical module then per-
forms the separation (tagging) of the computational cells as shown in Fig. 2. The 
tagging procedure is based on a simple Ray Tracing (RT) technique. A random ray 
which originates from the location to be checked (grid nodes) is considered and 
the intersections between this ray and the given surface are computed. If the total 
number is even the point is outside the object. Similarly, if the total number is odd 
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the point is inside the object. The intersection between a ray (a 3D segment) and 
the surface (a collection of triangles) is carried out using the geometrical algo-
rithms reported in [5]. In some cases, the RT could fail due to incorrect surface 
representations (e.g. unintentional missing triangles in the STL file).  These gaps 
might be present in the original raw CAD representation or might arise while gen-
erating the STL representation of the CAD surfaces. To overcome this difficulty, 
before tagging any locations, three perpendicular rays are cast. In this case if the 
corresponding results are the same, the point is tagged, otherwise up to 20 addi-
tional random rays are traced and the most probable result is accepted. Alterna-
tively, the STL file might be checked for inconsistency. 
 

 
Fig. 2 Immersed Boundary tagging By Ray Tracing. 
 
In the context of the IB technique, very refined grids are often required close to 
the highly curved immersed surfaces in order to properly represent the details of 
the geometry. Here a Local Grid Refinement (LGR) algorithm is used which al-
lows an efficient clustering of cells. The present implementation is an extension of 
the classical Adaptive Mesh Refinement (AMR) technique for non-isotropic re-
finements. This requires a modification of the solution algorithm in order to han-
dle grids with the hanging nodes. A detailed discussion of the implementation and 
the accuracy issues related to the present LGR method is given in [2, 6, and 7]. 
Another important aspect of the application of the LGR is the selection of the re-
finement/coarsening criteria. In the present implementation, the LGR is used to 
increase the resolution in the surroundings of the immersed boundary and, there-
fore, the only criterion used is the geometrical distance between each cell and the 
boundary. A Heavy-side tag function (using RT technique mentioned earlier) is 
used to mark the cells inside and outside the immersed body. An illustration of 
this procedure is shown in Fig. 3 for a geometry representing the letter F. Top row 
shows TOMMIE mesh, where a) to d) represents successive levels of refinement. 
The corresponding tagging function T is shown in the middle row, the dark area 
corresponds to the internal cells (T = -1) whereas the white area corresponds to the 
fluid cells (T = 1). The bottom row represents the numerical gradient of the Tag-
ging function. Starting from a background mesh (Fig. 3a) and successively halving 
the cells until this gradient exceeds a prescribed value, the grid and the corre-
sponding sharper representation in Fig. 3d is obtained. More detail about the LGR 
is available in [6, 7]. 
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Fig. 3 Example of the automatic grid refinement strategy for immersed boundaries. 
 
TOMMIE executes in batch mode and is extremely easy to use. A typical 
TOMMIE input file with its main features is reported in Appendix A. 
 
The STLs can be added or deleted easily for the individual parts. Since there is no 
surface mesh associated with the volume cells, it amounts to saving time for the 
design/parametric studies. The surface mesh nodes need not to be aligned with one 
another and the neighboring surfaces need not have similar mesh sizes.  

2. FLOW SOLVER 

The flow solver used in this study is FLUENT V6.2. A user defined library 
(IBLIB) is used to handle the forcing functions in FLUENT. This library provides 
function hooks for reading/writing case files, initializing mesh, and implement-
ing/updating wall boundary conditions.  
 
The transport equations are solved only in the fluid cells, the solid cells are not 
considered and the values for interface cell values are obtained through interpola-
tions. The steady incompressible 3D Reynolds-Averaged Navier-Stokes (RANS) 
equations are solved using a second-order implicit, cell-centered, finite volume 
scheme on Cartesian non-uniform grids. SIMPLE (Semi-Implicit Method for Pres-
sure-Linked Equations) procedure is used to obtain an intermediate velocity field 
that is corrected to divergence-free conditions using the solution of a Poisson’s 
equation for the pressure. 
 
Imposition of boundary conditions on the immersed surfaces is the key factor in 
developing an IB algorithm. It is also what distinguishes one IB method from 
other. Here a derivative of direct discrete forcing algorithm based on the ghost cell 
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approach is used [7, 8]. Local reconstructions of the solution in the vicinity of the 
immersed boundary are built for the interface cells (Fig. 4). Assuming nodal solu-
tion is available directly or through interpolation from cell-centers, Figs. 4b and 4c 
show the linear and quadratic 2D stencils. In the linear case, two exterior values (2 
and 3) are used together with the wall value (0) to evaluate the solution close to 
the interface (1). For a quadratic interpolation (Fig. 4c), a generic flow variable Φ 
can be expressed as: 
 

Φ = C1n2 + C2t2 + C3nt + C4t + C5n + C6 (4) 
 
where n and t are the local coordinates normal and tangential to the IB, respec-
tively. The six coefficients then can be determined by using the five exterior 
points (2, 3, 4, 5 and 6) and the boundary condition point (0) which is the normal 
intercept from the node 1 to the IB. The word exterior here refers to the fluid side; 
therefore at node 1, the velocity is reversed in order to prevent the flow from pene-
trating and slipping on the immersed boundary. This approach can be considered 
as a generalization of the ghost cell approach where the boundary conditions are 
imposed by fixing suitable values of the solution outside the computational do-
main. Since polynomial interpolations are keen to introduce wiggles and spurious 
oscillations, an inverse distance weighted method is employed in the present 
study. A detailed treatment of the interface cells is described in [8]. Without 
IBLIB, Fluent would not have access to the velocity reconstruction for interface 
cells, and it would only obtain the solution over the stair-step approximation of 
geometry as prescribed by Tommie mesh.  
 
Eddy viscosity is obtained through realizable k-ε turbulence model with enhanced 
wall treatment [9, 10]. Information needed for turbulence modeling and enhanced 
wall treatment, such as wall distances, is contained in Tommie mesh file and used 
through IBLIB. Currently only k- ε class of turbulence models is available for 
solving IB mesh in FLUENT. 

 
Fig. 4 Reconstruction stencils in the vicinity of the immersed boundary: (a) Linear 1D- scheme; 
(b) Linear 2D-scheme; (c) Quadratic 2D-scheme. 
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3. POST-PROCESSING 

In the IB approach the immersed surface is disconnected from the computational 
grid and, therefore, it is not trivial to represent surface solution. Pressure values 
are projected from the stair-step grid onto the original body surfaces (STLs) using 
least-square interpolations.  
 
The procedure used is shown in Fig. 5 schematically. Given a boundary node B 
and the surface normal in that location, the point P is defined at a certain distance 
δ from the surface. A least-square interpolation is used to obtain the velocity and 
the pressure at point P. The surface pressure at B is then obtained using the zero-
normal gradient condition, PP = PB.  
 

 
Fig. 5 Evaluation of surface quantities on the immersed body (Post-processing). 
 
After each iteration, pressure is projected to the original STL surfaces automati-
cally (transparent to the user) using the DEFINE_ADJUST function available in 
IBLIB. For a baffle (zero-thickness) surface, a shadow-copy is automatically made 
and pressure from one side of baffle is projected onto the shadow surface. The 
projected pressure is then integrated over the desired surfaces (original STLs) and 
resultant forces and moments could be calculated inside FLUENT framework as 
usual.  
 
Similarly, calculation of the skin friction is not available directly in FLUENT. The 
cell-centered velocity gradients at wall surfaces are provided to FLUENT through 
IBLIB in order to calculate the skin friction. 
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TEST CASES AND RESULTS 

1. FLAT PLATE 

The plate dimensions considered for this investigation are 2mx2m. The plate is 
placed perpendicular to the flow as shown in Figure 6a. The flat plate is specified 
with just two surface triangles in STL file. The surface mesh resolution does not 
matter as the volume mesh is made irrespective of the surface refinement. This 
case is important in the IB framework because it illustrates the IB support for baf-
fle (zero-thickness) surfaces. 
 

 
Fig. 6 (a) Schematic diagram of flow impinging on a squared flat-plate at 90o to the flow; (b) 
Symmetry plane view showing computational domain for flow over a perpendicular flat-plate; 
(c) Zoomed-in view of mesh near flat-plate. 
 
The Reynolds numbers based on the frontal area (4m2) and the free stream veloc-
ity (30m/s) is 8.2×106. Mesh comprising of 150,000 cells is made with clustering 
around the wake and the stagnation regions. Figure 6b shows the symmetry plane 
for computational domain. A zoomed-in view near the plate and its wake is pre-
sented in Fig. 6c. Figure 7 shows the computed streamlines in the symmetry plane. 
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For the flat plate the experiments have shown that the separation points are fixed 
and the drag coefficient is 1.17 which is independent of Reynolds number [10]. 
The simulation result from the IB method is 1.18, which is in very good agreement 
with the experiments. 
 

 
Fig. 7 Streamlines for flow over flat-plate perpendicular to flow direction. 

2. BACKWARD STEP 

Often the turbulent flow over a backward facing step is used to evaluate the accu-
racy of various numerical schemes. The main feature is a recirculation region just 
downstream of the step. The prediction of the reattachment length has proven to 
be challenging for numerical techniques. A brief review of incompressible flow 
over backward step can be found in [11, 12]. 
 
The step height (H) is 38.1 mm (1.5”), and the height of the inlet channel is 76.2 
mm (3”). The uniform inlet velocity of 18.2 m/s is specified eight step heights 
(8H) upstream of the smaller inlet channel. The computational domain is extended 
about 29.3H downstream of the larger expansion channel.  
 
A side-view of the computational domain is shown in Fig. 8.  It is well known that 
the grid resolution in the near-wall and the high gradient regions is crucial for tur-
bulent flow calculations. Two grids were tested for grid convergence study. The 
coarse grid is about ~ 200x103 cells, and the fine mesh is about ~ 1x106 cells. Both 
grids are generated with a y+~10, but the fine grid is more refined in the recircula-
tion region.  
 

 
Fig. 8. Outline of the computational domain for backward step. 
 
Figure 9 shows both the meshes and their respective recirculation regions. The ex-
perimental data for the length of recirculation zone is 7.1±0.5H [11, 12]. The 
simulations reveal a recirculation zone length of approximately 7.03H for the 
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coarse mesh and 7.11H for the fine mesh. It is clear that, both meshes capture the 
essential features of the flow in terms of recirculation bubble length and are in 
very good agreement with the experiment. 
 

Fig. 9 Side-view of the mesh (top) and the streamlines (bottom). The colors represent the veloc-
ity magnitudes: (a) Coarse mesh; (b) Fine mesh 

3. THE SEDAN 

A picture of a sedan (97 Pontiac Grand-Prix) used in this study is shown in Figure 
10. The length of the model is ~ 5m (x axis), the width is ~2m (y-axis) and the 
height is ~ 1.4m (z-axis). A coordinate system is attached to the front tip of the 
vehicle in the symmetry plane. The water-tight car surface was exported in STL 
format from HYPERMESH with overall 270,800 surface triangles. The geometry 
was distributed over 84 STLs including 18 baffles. Four fluid zones were gener-
ated in TOMMIE, one each for the outer body, the radiator, the condenser, and the 
fan.  
 

 
Fig. 10 1997 Pontiac Grand-Prix 
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The model is placed in a wind tunnel test-section with a cross-section of 
2.1Lx1.1L, where L is the length of the vehicle. The length of the test section is 
about 4.3L. Figure 11 shows the symmetry plane of the computational domain de-
picting the location of the car with respect to the wind-tunnel. A free-stream ve-
locity of 22.352 m/s is specified at the inlet with a low turbulence intensity of 
0.6%. The Reynolds number based on the vehicle length and the free stream ve-
locity is 7.6 x 106. The outlet is specified as pressure outlet and the wind-tunnel 
walls are treated as no-slip walls. Heat exchangers are treated as porous media and 
the fan-outlet surface is specified as momentum-jump based on the normal veloc-
ity (Fan BC in FLUENT). 
 

 
Fig. 11 Symmetry-plane view of the wind-tunnel test section for the sedan. 
 
Three different IB meshes are considered for investigating the effect of grid re-
finements. These meshes, referred to henceforth as “IB1”, “IB2”, and “IB3”, re-
spectively, differed only in the number of cells used for the simulations. Case IB1 
contains about 12 million cells, IB2 has about 16 million cells, and IB3 is about 17 
million cells. TOMMIE requires about 4 CPU hours and 7 GB of RAM for IB1 
case (12 million) on an IBM p655 workstation. The IB simulations were compared 
to the conventional body-fitted approach. For the body-fitted approach two differ-
ent simulations of 7 (BF1) and 10 million (BF2) cells were carried out. TGRID 
was used for the volume meshing in the body-fitted cases. An image of the mesh 
in the symmetry plane for cases IB3 and BF2 (body-fitted) are shown in Fig. 12. 

 
Fig. 12 Side-view showing mesh density near the sedan and its wake: (a) IB1; (b) BF2 
 
The residuals for each of the flow variables were monitored and solution conver-
gence was achieved when the residuals were down to approximately 10-5. Figure 
13 shows the convergence pattern for both simulations. Convergence of IB meshes 
per iteration seems to be similar to that of the regular body-fitted meshes.  
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Fig. 13 Relative FLUENT residuals for flow variables depicting convergence: (a) IB3; 
(b) BF2 
 
Figure 14 shows the velocity contours for IB (IB3) and body-fitted (BF2) meshes 
in the symmetry plane. Both simulations show similar qualitative features. There 
is a stagnation region in front of the vehicle, the flow then accelerates on the hood 
and stagnates at the wind-shield bottom. It then strongly accelerates on the front 
wind-shield. There is some pressure recovery on the top of the cabin. The flow 
then separates at the edge of trunk. The underbody flow also accelerates which is 
due to less area caused by wheels and the underbody components. There is a small 
wake at the rear end characterized with a strong downwash.  
 

 
Fig. 14 Velocity contours near the sedan and its wake: (a) IB3; (b) BF2 

 
Fig. 15 Cross plane velocity contours in the sedans near wake at x = 6m: (a) IB3; (b) BF2 
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Figure 15, shows the velocity contour plots in the near wake at an axial plane of x 
= 6m. The flow looks symmetric which is expected. Also both simulations seem to 
have a similar flow structure in the near wake.  
Pressure coefficients (Cp) are calculated using the equation,  
 

Cp = (P-Pref)/(0.5×ρ×U∞
2) (5) 

 
where Pref is the reference static pressure measured at the inlet of the computa-
tional domain (wind-tunnel), P is the surface pressure, ρ is the air density and U∞ 
is the free-stream velocity.  
 
Figure 16 shows the comparisons between the two simulated pressure distributions 
(Cp) on the symmetry plane. The overall agreement between the body-fitted and 
the IB simulations is very good. However, peaks in the separation region are 
somewhat different. This could be due to the absence of prism layers or the suffi-
cient grid resolution near the wall surfaces in IB meshes. Experimental pressure 
measurement for this vehicle is not available. 
 
Table 1 summarizes the experimental and the computed drag coefficients for this 
vehicle. The values are normalized by the experimental value. The result for IB3 
simulation case is in very good agreement with the experimental results. 

 

 
Fig. 16 Pressure distribution comparison on the top of the sedan (symmetry plane). 
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Table 1 Drag coefficient comparison for the sedan.(Drag coefficients are normalized by the ex-
perimental value) 

Sedan Case Drag Coefficient 

Experiment - 100 

IB1 – 12M cells 101 

IB2 – 16M cells 99 IB Simulation 

IB3 – 17M cells 100 

BF1 – 7M cells 95.3 
Body-fitted Simulations 

BF2 – 10M cells 94.4 

4. THE SUV 

A picture of the Chevy Tahoe SUV is shown in Fig. 17. The water-tight geometry 
was exported from ANSA comprising of 923,409 STL facets. A free stream veloc-
ity of 31.11 m/s is specified at the inlet of wind-tunnel. All other boundary condi-
tions are similar to the sedan case.  
 

 
Fig. 17 2006 Tahoe SUV. 
 
The IB mesh consists of 13 million cells, and grid generation took about 4 hours 
on an IBM workstation. Results are compared to a body-fitted solution-adapted 
(based on pressure gradient) mesh of 8 million cells. A view of both grids in the 
symmetry plane is shown in Fig. 18.  
 
Figure 19 shows the velocity contour plots for both the IB and the body-fitted 
cases. The qualitative features of the flow are similar in both simulations. The re-
circulation region is slightly larger in the IB case which could be due to the less 
resolved grid in the wake.  
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Figure 20 shows the wake streamlines in the symmetry plane. The main features 
of the flow are the shear layers originating at the upper and lower edges of the 
model. A strong reversed flow region is formed behind the model which is 
bounded by these two shear layers. There is a rapid upward deflection of the un-
derbody flow and a strong upsweep in both the computed fields. The upper shear 
layer in the body-fitted seems to be somewhat thicker than the IB simulations. 

 
Fig. 18 Side-view showing mesh density near the SUV and its wake: (a) IB; (b) Body-fitted 

 
Fig. 19 Side-view showing velocity contours near the SUV and its wake: (a) IB; (b) Body-fitted 

Figure 20. Side-view showing velocity vectors for the SUV in its wake: (a) IB; (b) Body-fitted 
 
Pressure coefficient distributions are presented in Fig. 21. The overall agreement 
between the two simulations (IB and body-fitted) is very good.  
 
Comparison of drag coefficients for the SUV is summarized in Table 2. The re-
sults show that the IB method does a very good job in predicting the drag coeffi-
cient. 
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Table 2 Drag coefficient comparison for the SUV. (Drag coefficients are normalized by the ex-
perimental value) 

SUV Drag Coefficient 

Experiment 100 

IB simulation 97.3 

Body-fitted simulation 93.5 

 

 
Fig. 21 Pressure distribution comparison on the top of the SUV (symmetry plane). 

Conclusions and Future Work 

The IB method was successfully validated for flat-plate and backward step geome-
tries. Further, to test its applicability for standard aerodynamics applications in 
automotive industry, it has been applied to the simulation of the flow past a sedan 
and an SUV. For the sedan and SUV applications the STL surfaces were obtained 
from the CAD geometry that had already undergone clean up operations in prepa-
ration for the FLUENT body-fitted solutions. These STL files therefore repre-
sented “water-tight” surfaces prior to their input to TOMMIE. This was done to 
compare solver accuracy when the identical surfaces are used for both the IB and 
body-fitted utilization of the FLUENT solver. The results are in good comparison. 
Convergence per iteration is similar to traditional body-fitted methods. However, 
for similar accuracy IB results requires more number of cells. This is due to IB’s 
inability to generate high aspect-ratio cells near angled wall surfaces. The worst 
case being a surface at 45 degrees to horizontal, for which IB refines in tangential 
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directions as much as it does in normal direction, thereby increasing the overall 
number of cells [4].  
 
Future work will study the usage of STL files exported directly from a vehicle 
program’s CAD database with no or minimal CAD clean up operations, some-
times referred to as “raw” STL files. Since CAD clean up operations comprise the 
majority of time spent executing a typical body-fitted aerodynamics CAE study, a 
successful validation of the IB method’s capability to calculate accurate results us-
ing raw STL files will be a significant milestone in reducing project execution 
times. This in turn will improve the capability of aerodynamic CAE to impact ve-
hicle design decisions. 
 
It is also intended to investigate the IB method for solving coupled flow and ther-
mal problems. 
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Abstract   The unsteady flow field behind two outside rear-view automobile mir-
rors was examined experimentally in order to compile a comprehensive database 
for the validation of the ongoing computational investigation effort to predict the 
aero-acoustic noise to the outside rear-view mirrors. This study is part of a larger 
scheme to predict the aero-acoustic noise due to various external components on 
automobiles. To aid with the characterization of this complex flow field, mean and 
unsteady surface pressure measurements were undertaken in the wake of two mir-
ror models. Velocity measurements with particle image velocimetry were also 
conducted to develop the mean velocity field of the wake. Two full-scale mirror 
models with distinctive geometrical features were investigated. 

1 Introduction 

The unsteady flow field in the wake of external rear-view mirrors of a typical 
production car is known to be a significant source of aerodynamic noise inside and 
outside of a vehicle in motion. The shape of the mirror assembly, its attitude in re-
lation to the flow and the adjacent windowpane, the details of its installation on 
the car, and the relative airspeed are all factors that can influence the aero-
acoustics of automobiles. Because the wake and the adjacent shear layers around a 
mirror are an important source of noise, a numerical study of the flow field around 
and in the wake of typical external side-view mirrors was initiated as a collabora-
tive project between General Motors and the Center of Turbulence Research, Stan-
ford University. Experimental validation of the predictions is necessary and it is 
intended to include the characterization of the steady and unsteady pressures in the 
wake of two mirrors, as well as direct measurements of acoustic radiation in a 
well-controlled experiment that could be reproduced easily in the computational 
domain. These validation measurements were organized in a two-phase wind-
tunnel test program: The first phase focused on mean pressure and unsteady 
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pressure measurements and mean flow field measurements of the mirror wake; the 
second phase will concentrate on the measurement of the acoustic radiation. This 
paper describes the first phase of the validation program. 

2 Experimental Details 

The characterization of the unsteady flow field in the wake of the rear-view 
mirrors was performed in the 0.9m Pilot Wind Tunnel at the NRC Institute for 
Aerospace Research (NRC-IAR) in Canada. Each mirror model was mounted at 
zero-yaw angle on a ground plane model near the nozzle inlet of the test section 
(Fig. 1). An array of static pressure taps and fast-response pressure transducers 
(microphones) were located on the ground plane in the wake of the mirrors; addi-
tional pressure taps were located on the floor upstream of the mirror and on the re-
flective surface of the mirror. A two-dimensional particle image velocimetry 
(PIV) system captured the streamwise (u) and the lateral (v), or vertical (w) veloc-
ity components in the wake. The mean or time-average velocity field was deter-
mined for three horizontal planes (u- and v-components of velocity and three ver-
tical planes (u- and w-components). 

 
Fig. 1 The layout of a mirror model on the ground plane in the Pilot Wind Tunnel and a sche-
matic of the plenum. 
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0.9m Pilot Wind Tunnel 

The 0.9m Pilot Wind Tunnel at the NRC-IAR is a closed-return facility featur-
ing a ¾- open-jet test section enclosed within a large plenum that is 4 m long, 3 m 
wide, and 2 m high (Fig. 1). The cross-sectional dimensions of the nozzle exit are 
1 m wide by 0.6 m high, and the highest velocity attainable in the test section is 
approximately 50 m/s. The freestream flow has longitudinal and vertical turbu-
lence intensities of 0.8% and 1.3%, respectively; the displacement thickness of the 
boundary layer is estimated to be 4 mm at a velocity of 30 m/s. 

Measurements of the background noise level for an empty test section were ac-
quired with a microphone placed outside the flow of the test section in a quiescent 
corner of the plenum enclosure.  The sound pressure level reaches a level of ap-
proximately 98 dB at 30 m/s, the speed at which the majority of testing was per-
formed.  No steps were taken in this experiment to insulate the test section against 
the noise emanating from the fan and the drive motor.  An acoustic resonance in 
the proximity of 14.5 Hz was known to persist in the plenum.  Because the reso-
nance was found to be especially significant at a velocity of 35 m/s, the decision 
was made to conduct the pressure and PIV measurements at 30 m/s 

The coordinate system referred to in this paper is defined in Fig. 1.  The x-axis 
is aligned with the freestream flow, the y-axis is normal to the flow in the lateral 
direction, and the z-axis is normal to the floor of the plenum. 

Mirror Models 

The full-scale mirror models that were used in the tests are shown in Fig. 2. 

Fig. 2 The mirror models and the layout of static pressure taps and an unsteady pressure trans-
ducer on the reflective surface of each model. 
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The model of the GMT360 mirror is generally found on sport-utility vehicles, fea-
tures distinctly rounded edges on its windward surface, and is the largest of the 
mirrors. In contrast, the smaller GMX320 mirror is typically found on the Cadillac 
brand and has sharper edges on the windward surface of its body. Each body fea-
tures a cavity that is covered by a model of the reflective surface. For pressure 
measurements, this reflective-surface model was a thick plastic plate perforated 
with an array static pressure taps, from which only a few were actually used. For 
PIV measurements, the reflective-surface model was a simple imperforated alumi-
num sheet; moreover, the entire surface of each mirror model was painted flat 
black to avoid undesirable reflections of laser light. The mirrors were mounted on 
the ground plane model (e.g., the floor of the plenum), which represents the adja-
cent door window of an automobile. 

The location of each mirror model on the ground plane corresponded with the 
origin of the x-y coordinate system shown in Fig. 1. This particular model location 
– being 1 m from the nozzle exit – was selected because it falls within a certain 
range of longitudinal positions for which blockage corrections to the dynamic 
pressure are known to be unnecessary. 

Mean Pressure Measurements 

Measurements from twenty static pressure taps were acquired. Fifteen static 
pressure taps were laid on the ground plane along the centerline of the test section 
– three taps were located upstream of the mirror model and twelve taps were 
placed in its wake (Fig. 3). 

 

 
Fig. 3 The layout of fourteen static pressure taps (S) and thirty-one unsteady pressure transducers 
(M) on the ground plane 
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Two additional static pressure taps were placed in the wake off the centerline and 
a further three were installed on the reflective-surface model of the mirror (Fig. 2). 

Static pressures were measured with two Scanivalve electronic scanning pres-
sure modules, which have a differential pressure range of 2.5 kPa (10 inches of 
water) and an accuracy of 5 Pa. Mean pressures were derived from static pressure 
data acquired at a rate of 100 samples/second for a period of 10 seconds. 

Unsteady Pressure Measurements 

Measurements of unsteady pressure with sensitive microphones in the wake of 
a bluff body have been successfully demonstrated, for example, in the case of a 
two-dimensional backward-step (Lee and Sung, 2002). In the investigation at the 
NRC-IAR, Brüel & Kjær Delta Tron pressure-field ¼-inch pre-polarized micro-
phones (Type 4944A) were employed to measure the unsteady surface pressures 
in the wake of the mirror models. The microphones are vented for pressure equali-
zation, have a flat pressure-field response from 4 Hz to 70 kHz, and a dynamic 
range of 30 to 170 dB(A). With protective nose cones removed, thirty-one micro-
phones were flush-mounted with custom fittings in the ground plane (Fig. 3). Of 
the microphones mounted along the streamwise centerline of the ground plane, 
some were collocated with static pressure taps. An additional microphone was in-
stalled in the reflective face of the mirror model. Because of the depth of its cav-
ity, two locations on the reflective surface of the GMT360 mirror were possible 
(Fig. 2); however, only one location was feasible on the GMX320 mirror because 
of its shallower cavity. Unsteady pressure data was sampled at a rate of 44 kHz for 
a period of 70 seconds, yielding a frequency bandwidth of at least 20 kHz. 

Particle Image Velocimetry 

Three measurement planes were selected for each view. Two overlapping im-
age segments of the measurement plane covered the near-wake and the far-wake 
(a distance of approximately 550 mm in the streamwise direction) and were ade-
quate to resolve most of the recirculation zone, the freestream, and the shear layer 
in between. The elevation of the views was concentrated on the wake of the main 
body of the mirror; the wake of the neck was not surveyed. Two hundred double-
frame images (the limit that could be stored in the random access memory of the 
PIV computer) were typically acquired for each segment of the wake. Details 
of the PIV recording parameters are listed in Table 1. INSIGHTTM, the soft-
ware package developed by TSI, was used to acquire and analyze the PIV im-
age data. The deformation grid scheme – a particle-displacement analysis al-
gorithm developed by TSI for application to high shear flows – was employed 
to compute the particle displacements in the images. Although it was general 
practice to acquire the maximum number of images possible, not all were required 
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by the particle-displacement analysis algorithm to render a satisfactory mean flow 
field. The number of images processed varied. In the first segment, which covered 
the near-wake, only seventy-five images were necessary to yield a satisfactory 
mean flow. In the second segment farther downstream, where high shear flow fea-
tures were less predominant, twenty-five images were processed instead. Within 
the total observed flow field, approximately 8,500 velocity vectors were resolved 
at a nominal spatial resolution of 3.5 mm. 
 
Table 1 PIV recording parameters for mirror wake measurements 

Flow geometry V∞ = 30 m/s parallel to the light sheet 
Maximum in-plane velocity V∞ = 35 m/s 

Field of view 355 mm × 267 mm (W × H) 
Interrogation volume 7 mm × 7 mm ×1.5 mm (W × H × D) 
Observation distance x-y plane: 859 mm 

x-z plane: 804 mm (GMT360), 940 mm (GMX320) 
Recording method 15 Hz double frame/single exposure 

Recording medium 2-megapixel, full frame CCD (1600 × 1200 pixels) 
Recording lens f = 28 mm, f-stop = 1.4 

Illumination Nd:YAG laser, 120 mJ/pulse 

Seeding material olive oil 

3 Results and Discussion 

Results for mean pressure, unsteady pressure, and the mean velocity field are 
presented for 30 m/s. Further results for mean pressure are presented for 14, 22, 
and 39 m/s. 

Mean Pressure 

The variation of static pressure coefficient (CP) on the centerline of the ground 
plane against streamwise distance is plotted in Fig. 4 for both mirror models and 
the baseline case (i.e., with no model in place) over four wind speeds. The results 
reflect the typical streamwise mean pressure distribution fore and aft of a bluff 
body. Upstream of the models, the increase of positive CP reflects increasing stag-
nant flow due to the presence of the mirror. Downstream of the models, the results 
show two distinct features of the flow field, namely a wake and the attachment of 
the local flow. The presence of significant negative CP downstream of the leeward 
face of each mirror reflects the wake of the model. At the streamwise distance 
where CP = 0, the flow attaches to the ground plane and the recirculation region 

Pulse delay x-y plane: ∆t = 12.5 µs 
x-z plane: ∆t = 12.5 µs 
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closes. By this indication, the wake of the GMT360 mirror is slightly longer than 
that of the GMX320, although the latter generally has a higher negative peak in 
CP. The fact that GMT360 is taller by 24 mm may partly account for its longer 
wake.  The results for the wake of GMX320 collapse very well over the four wind 
speeds; for GMT360, however, the variations in CP suggest a Reynolds number 
dependence, which may be attributed to the rounded features of its windward sur-
face.  Over the reflective surface of GMT360 the base pressure is reasonably con-
stant, whereas for the GMX320 the base pressure varies significantly over the 
face.  

 
Fig. 4 Mean-pressure coefficient on the surface of the ground plane plotted against streamwise-
centerline location for both mirror models and the baseline case.  
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Unsteady Pressure 

Figures 5 and 6 present typical exam-
ples of mean-square spectral distributions 
(SCp) and coherence functions for both 
mirror models at a wind speed of 30 m/s. 
The spectra were derived from data ac-
quired with the microphones embedded in 
the ground plane and were computed from 
an average of ninety-four 32,768-point 
fast-Fourier transforms of the unbiased 
time-histories of pressure. All plots of 
spectra and coherence have a frequency 
resolution of 1.3 Hz.  For the coherence 
plots, correlations were developed with re-
spect to the farthest downstream micro-
phone, e.g., microphone M31 from the 
line of microphones that parallels the 
streamwise centerline (Fig. 3). 

The mean-square spectral distributions 
and coherence functions for the GMT360 
mirror model are shown in Fig. 5. In Fig. 
5a, the results presented are for micro-
phones that are located on the streamwise 
centerline of the ground plane with the ex-
ception of microphone M32, which was 
located on the reflective surface of the 
mirror (Fig. 2). In Fig. 5b, the micro-
phones are located off the centerline. In 
both sets of results, the mean-square spec-
tral distributions are dominated by rela-
tively low-frequency turbulent excitation 
and sharp peaks are clearly evident in the 
spectra at a frequency of 45.6 Hz (with the 
exception of microphones M1 and M3). 
These features are also reflected in the 
spectra of the corresponding microphones 
on the opposite side of the centerline. The 
corresponding Strouhal number (St) is 
0.212, based on the width of the mirror 
body. The results suggest the presence of an alternating trailing vortex system. 
The case for trailing vortices is substantiated in Fig. 7c, which shows that a good 
correlation exists between the centerline microphone M31 and M10/M9/M8/M6 

Fig. 5 The mean-square spectral distribu-
tions of CP and coherence functions for the 
GMT360. 
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at a frequency of 45.6 Hz, whereas the 
correlation between M31 and M1 (located 
upstream of the model) at the same fre-
quency is weak. The fact that centerline 
microphones in the wake of the mirror are 
registering the alternating trailing vortices 
serves as an indication of the size of these 
flow structures, which emanate from the 
sides of the mirror. On another note, a rea-
sonable coherence is observed between 
M31 and M10/M9/M1 at 13.4 Hz, sug-
gesting that these microphones registered 
the acoustic resonance in the plenum. In 
contrast, the coherences between M31 and 
M8/M6/M3 at 13.4 Hz are relatively weak, 
an indication perhaps that M8/M6/M3 ei-
ther lie inside or are in close proximity to 
the recirculation zone of the wake. If so, 
then the energy of the turbulent excitation 
within the recirculation zone dominates 
the energy of the acoustic resonance. 

The mean-square spectral distributions 
and coherence functions for the GMX320 
mirror model are illustrated in Fig. 6. The 
spectra shown in this figure are for the 
same microphones appearing in Fig. 5. In 
Fig. 6a the 45-Hz peak identified previ-
ously in the GMT360 results, is conspicu-
ously absent in the spectra for the center-
line microphones in the wake of GMX320. 
However, the spectra for the off-centerline 
microphones, appearing in Fig. 6b, reveal 
broad shallow peaks in the proximity of 45 
Hz. Again, there exists a degree of sym-
metry in the spectra for corresponding mi-
crophones on both sides of the centerline. 
It is suggested that these results may be 
the signature of an Arch-type trailing vortex, which sheds as one feature from the 
GMX320 unlike alternating trailing vortices (Okuda and Taniike, 1988). If in fact 
a trailing vortex sheds from GMX320, then the reasonable correlation between 
M26 and M19/M20 in Fig. 6c could be an indicator of its track. 

Fig. 6 The mean-square spectral distribu-
tions of CP and coherence functions for the 
GMX320. 
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Mean Velocity Field 

Typical contour plots of the mean velocity field captured by the PIV measure-
ments in the x-z and x-y planes are shown in Figs. 7 and 8 for the GMT360 mirror, 
and in Figs. 9 and 10 for the GMX320 mirror. The velocity contour plots are com-
positions of two overlapping segments that captured an adequate length of the 
main-body wake in the measurement plane. It should be noted that the contour 
plots are not blended at the juncture of the overlapping segments, nor have the 
data sets of the segments been integrated. Instead, a composite was formed by 
overlaying the segments after transforming the local coordinate system of each 
segment to a common system for the measurement plane (the x2-y2 and x2-z2 coor-
dinate systems) with its origin located on the reflective surface of the mirror.  
Each contour plot is accompanied by a series of u-component velocity profiles that 
exemplify the development of the streamwise velocity component within the wake 
of the main body. The profiles were extracted from the mean velocity field at in-
tervals of equal distance. 

In Fig. 7, a number of key features of the mean flow field can be seen in the x-z 
plane of the GMT360. These features are the region of local flow acceleration on 
the top of the mirror, the high-gradient shear layer that emanates from the top of 
the mirror, and the recirculation zone over the reflective surface of the mirror.  Of 
particular note is the strong tendency for the shear layer and the freestream to be 
deflected towards the ground plane. The u-component profile closest to the reflec-
tive surface (x2 = 75 mm) depicts a large velocity deficit and also a high-gradient 
shear layer at the top of the mirror. By x2 = 224 mm the shear layer has diminished 
and the profiles farther downstream reflect a significant degree of recovery of the 
velocity deficit. 

Fig. 7 A typical mean velocity field in the x-z plane and corresponding u-component profiles for 
the GMT360 mirror model. In the velocity field, the magnitude of mean velocity is represented 
by colored contours, and arrows indicate the local flow direction; the inset identifies the meas-
urement plane. 
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Fig. 8 A typical mean velocity field in the x-y plane and corresponding u- component profiles for 
the GMT360 mirror model. 
 

In Fig. 8, the recirculation zone, as viewed in the x-y plane, features two dis-
tinct regions of near-stagnant velocity across the face of the reflective surface.  
Corresponding with these areas are asymmetrical time-averaged vortex structures 
that alludes to the presence of an alternating trailing vortex. The sequence of u-
component profiles in Fig. 8 reveals a velocity recovery comparable to that seen in 
the x-z plane. 

The PIV results for GMX320 reveal a different wake structure. In the x-z plane, 
Fig. 9, the shear layer at the top of the mirror is not deflected downward and ap-
pears, instead, to remain inline with the freestream flow. In addition, a vortex 
structure appears near the bottom of the reflective surface, and, at the bottom of 
the view, there is a significant degree of upward flow, which seems to originate 
from the region of the neck and the base. In the x-y plane, Fig. 10, the hint of a 
vortex structure on the border of the recirculation zone is insufficient evidence to 
confirm the presence of Arch-type vortices trailing the GMX320, as suggested ear-
lier. 

In Figs. 9 and 10, the selections of the velocity profiles taken from the wake of 
the GMX320 mirror are reasonably consistent, in the respective planes,  

Fig. 9 A typical mean velocity field in the x-z plane and corresponding u-component profiles for 
the GMX320 mirror model. 
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Fig. 10 A typical mean velocity field in the x-y plane and corresponding u-component profiles 
for the GMX320 mirror model. 
 
beyond 125 mm from the reflective surface. When compared to the wake of 
GMT360, however, the recovery of the velocity deficit in the wake of GMX320 
has a spatial lag. This observation can be readily confirmed by a direct comparison 
of the mean flow fields in the x-y plane of both mirrors, shown in Figs. 8 and 10. 

4 Closing Remarks 

 Tests in an open-jet wind tunnel were undertaken to examine experimentally 
the unsteady flow fields behind automobile side-view mirrors. The tests were con-
ducted to characterize the mean and unsteady surface pressures in the wake of two 
full-scale side-view mirror models, and also to describe the mean velocity field of 
each wake with PIV measurements. The distinctive geometric of the mirror mod-
els may be responsible for significant differences in the makeup of the respective 
wakes. The results of the mean pressure measurements, for instance, show that the 
wake of the GMT360 mirror appears to be sensitive to Reynolds number. Mean-
while, unsteady pressure measurements appear to reveal a difference in the charac-
ter of the trailing vortices in the wake of each mirror. Moreover, PIV measure-
ments depicted wake structures that are as distinctive as the geometry of the 
mirrors.  The experimental data arising from these tests will be used to validate a 
computational fluid dynamics code that is a component of a larger scheme to pre-
dict aero-acoustic noise numerically 
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Abstract   Results of the detailed flow measurements for an underhood buoyancy 
driven flow using a simplified full scale model of an engine compartment, engine 
block, and exhaust heaters are presented.  The engine block surface temperature 
and exhaust heaters are kept at about 100 ºC and 600 ºC, respectively. This inves-
tigation reveals the complex dominant flow structures and thermal behavior of a 
vehicle underhood under steady state and transient states. 

1 Introduction 

The objective of this project was to measure the magnitudes of the flow velocity 
components, temperature values on the engine block and the enclosure, and air-
flow temperatures under the hood. These measurements were conducted for a full 
scale simplified underhood configuration without openings under steady state 
conditions. In addition, feasibility studies were conducted to observe the thermal-
flow behavior of this underhood flow for a transient condition as the system goes 
through its cooling cycle. The simplified underhood geometry that is used for this 
study is a modified version from an earlier GM R&D’s underhood model [1]. The 
data provided can be used to validate the available and future computational codes 
for this complicated flow. Buoyancy convection heat transfer plays a dominant 
role in a vehicle underhood environment during “soaking”. The “soak” condition 
occurs after the vehicle endures high thermal loads due to performing a sequence 
of operating conditions such as highway driving and trailer grade loads in hot am-
bient environment (>38 ºC). The vehicle is then parked in a windbreak, and power 
is shut down. Due to the absence of any underhood airflow from the fans or the 
ambient surroundings, the underhood begins a thermal process that is dominated 
by buoyancy driven flow. During this soak process, the temperature of the engine 
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compartment components can rise in a tightly packed underhood before they start 
the cooling process. 
 
The work published by Franchetta, et al [2] concentrated on experimental and 
computational investigation of a half-scaled underhood compartment using PIV, 
thermocouples, and commercial software VECTIS. These studies [2] were carried 
out for the transient natural convection condition with openings on the engine 
compartment model. Franchetta, et al [3] used the data obtained in [2] to validate a 
developed procedure within VECTIS predicting the “soak” condition with sub-
stantially reduced CPU time compared with standard fully transient CFD codes.  
The PIV and thermal measurement experiments carried out by Merati, et al [4] 
were conducted for a ¼ scale model resulting in basic understanding of the flow 
and thermal behavior of this buoyant flow. These experiments were carried out for 
a closed enclosure under steady-state condition. Three dominant 3-D laminar co-
herent structures were found to exist at the top of the engine compartment that 
agree strongly with flow visualization animations and measured air temperature: 
two counter rotating vortices on the top right corner and over the engine surface 
and one on the top left corner. The numerical results presented by Chen, et al [5] 
used the boundary conditions generated in [4] and computed the thermal and flow 
structure within the enclosure. The numerical results were in good agreement with 
the experimental results. 
 
The geometry used for the current investigation consists of a glass engine com-
partment, trapezoidal shaped aluminum engine block and two exhaust pipes. This 
geometry allows for a simple experimental testing and computational modeling 
while retaining the general shape and main components of the engine compart-
ment. Additionally, it is interesting to note that the geometry investigated here is a 
combination of several classical buoyancy driven flow experiments. They include 
the heated inclined and horizontal surfaces, and heated horizontal cylinders in the 
proximity of flat inclined surfaces. 
 
This study is a first detailed investigation of this buoyant flow for a full scale 
model under steady and transient conditions. The detailed fluid flow and thermal 
results and the physical phenomena obtained from these measurements are valu-
able information for verification of the computational results and automotive en-
gineers. Future study will concentrate on similar measurements for open enclosure 
under steady state and transient conditions. 
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2 Experimental Setup and Procedure 

A simulated underhood environment 
was constructed for the study of buoy-
ancy driven underhood air flow and 
heat transfer. The experiment was de-
signed to give optical visibility to ob-
tain PIV measurements of airflow and 
access for measurement of local air 
temperatures. The geometry used was 
kept simple, and close control of the 
temperature of important boundaries 
was made to aid in computer modeling. 
The underhood environment consists of 
the enclosure, the block, and the ex-
haust heaters. The complete underhood environment is shown in Fig. 1. A scale 
drawing of the experimental setup with overall dimensions is shown in Fig. 2. 
 
The enclosure consists of the base, back wall, glass cover, PIV calibration grid, 
and seeding mechanisms. The back wall contains patterns of holes that provide 
access for thermocouple measurements of air temperatures. The layout of these 
holes is shown in Fig. 3. The PIV calibration grid is a 0.125˝ sheet of aluminum 
cut out to fit around the block and exhaust heaters. The grid is mounted to two 
rods that allows it to be moved forward to the plane of interest. An image is taken 
of the grid before any PIV measurements are made to allow for scaling of the im-
age and stitching of many images into a composite velocity profile. The seeding 
consists of injection through a small tube in the back wall. 
 
The block, representing the engine block, oil pan, engine heads, and intake mani-
fold, consists of a sealed chamber for holding the water that maintains the tem-
perature of the block, and a shroud that locates and hides the thermocouples used 
to map temperature profiles along the block surface. A spray manifold is located 
inside the sealed chamber to maintain a constant film of water on all the inner 
walls of the sealed chamber. An immersion heater is placed inside the sealed 
chamber for heating of the water and block. 
 

Fig. 1 Complete simulated underhood envi-
ronment
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Fig. 2 Overall dimensions of the experimental underhood environment (dimensions in inches) 
 

 
Fig. 3 Locations for air temperature measurements 
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The shroud was constructed of 0.250˝ aluminum plate on the back and 0.125˝ 
aluminum plate on the sides, top, and bottom. The shroud allows for thermocou-
ples to be located at many points on the block without disturbing airflow, which 
will allow for validation of consistency from one run to the next.  The thermocou-
ples are placed in groves machined into the shroud plates as shown in Fig. 4. The 
majority of thermocouples are located on the sides near the exhaust heaters as this 
is where the largest temperature gradients are expected. 
 

 
Fig. 4 Thermocouple routing in block shroud 
 
The exhaust heaters, representing the exhaust manifold, consist of a cartridge 
heater, a steel shroud, a ceramic insulator, and a standoff. The control of tempera-
ture for the simulated underhood environment required a water circulation loop 
and a relay bank control of power. The relay bank consists of four relays that are 
controlled by the data acquisition system. Two are used to control the power to the 
two exhaust heaters, one is used to control power to the immersion heater in the 
sealed chamber, and the last one switches the power to the circulation pump on 
and off. The control of exhaust heater surface temperature relies on a feedback 
control loop written into the LabView software, and the surface temperature of the 
block is controlled through the use of the heat pipe concept. The heat pipe allows 
for control of surface temperature without a control loop, and the use of embedded 
cartridge heaters in the exhaust heaters allows for the 600 ºC. The control of the 
exhaust heater temperature is obtained by using relays to turn the cartridge heaters 
on and off. Maintaining the surface temperature of the block at 100 ºC is achieved 
by relying on the fact that for a pure fluid, the temperature of the liquid vapor in-
terface is a function of pressure only. This is maintained by the evaporation with a 
slight increase in temperature, and condensation with a slight decrease in tempera-
ture. The effect is the strongest when a chamber is filled entirely with a single 
fluid. In this case, water is used as the working fluid. By allowing the chamber in-
side the block to vent to atmosphere, the evaporation of water inside the chamber 
displaces the air, and the action of boiling on the heater element also serves to 
drive dissolved gasses in the water out of solution. This allows for the chamber to 
be filled completely with water and water vapor after the system has been operat-
ing for a length of time. The system is then operated at saturation temperature un-
der the atmospheric condition inside the engine block. 



58     

A reservoir of water is maintained in the bottom of the block, and water is circu-
lated through a bank of atomizing nozzles to maintain a thin layer of water on all 
surfaces inside the block. This thin layer of water creates the liquid-vapor inter-
face needed for this design to function properly. Although the reservoir of water 
insulates the bottom four inches of the block, the low heat transfer rate on the out-
side of the block allows the forced convection of the water to remove or add heat 
as necessary. 

Thermal Measurements 

Each engine block surface, except front surface, is embedded with thermocouples.  
External thermocouples are attached to the engine block front surface and enclo-
sure surfaces. The temperature measurements are taken by four-32 channel tem-
perature data conditioning modules and a National Instrument data acquisition 
card. Furthermore, these measurements are monitored and recorded by a LabView 
code developed at WMU. The results are then converted to the Tecplot format (FE 
Block, cell-centered). The thermocouple mesh size and associated areas for each 
of the engine block and enclosure surfaces are shown in Table 1. The temperature 
values are obtained at the center of the cells. The temperature mesh distribution 
and chosen coordinate system located at the point where the inner surfaces of the 
vertical, bottom, and back enclosure walls intersect are shown in Fig. 5. The tem-
perature of the twelve thermocouples embedded in the two exhaust heater shrouds 
and the three thermocouples in the water circulation loop are monitored to assure 
that the system has reached steady state condition. 
 
Table 1 Thermocouple grid 

 

 Location, Side (s) Thermocouple Grid Average TC Cell Area (cm²) 

Front (I) 4 × 9 48.1 
Back (II) 4 × 3 150.3 
Right (III) 5 × 11 82.9 
Left (IV) 5 × 11 82.9 
Top (V) 2 × 3 390.3 En
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Bottom (VI) 2 × 3 196.9 
Front (VII) 7 × 9 102.7 
Right (VIII) 9 × 11 123.6 

Left (IX) 9 × 11 107.3 
Top (X) 9 × 11 99.4 

Back (XI) 7 × 9 102.7 
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Bottom (XII) 4 × 7 283.3 
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The engine block is heated internally by water 
near saturation and externally by the exhaust 
heaters. The enclosure and the space within the 
enclosure are heated by the engine block and 
exhaust heaters. The exhaust heaters are heated 
to 600 °C, and water spray temperature inside 
the block is kept at 95 °C. The exhaust heaters, 
water temperature inside the block, and the av-
erage block surface temperature reach their de-
sired steady state temperature after 3,600 sec. 
All tests are then conducted at this steady state 
condition except for transient experiments 
where the system is allowed to reach the steady 
state and then all heating is turned off for the cool down period. 

Particle Image Velocimetry 

The simulated engine compartment and measurement setup for 2D PIV measure-
ments are shown in Fig. 6. Paths A and B are the two orientations used to measure 
the flow velocities on the left and right sides of the engine block. PIV is conducted 
on three vertical front, middle and back planes corresponding to X = 317 mm, 444 
mm, and 571 mm, respectively. This configuration allowed most of the regions on 
the sectioned planes to be captured. The exception was the small gap between the 
cylinder and the engine block side wall where the CCD camera sensor saturated 
from the reflections on the neighboring surfaces, labeled shadow regions in Fig. 6. 
 

 
Fig. 6 The simulated engine compartment and 2D PIV setup 

Fig. 5 The chosen coordinate system 
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The camera field of view for these PIV tests was 12 cm by 12 cm in size.  An in-
terrogation area size of 32 X 32 pixels corresponding to physical size of approxi-
mately 4 mm X 4 mm provided adequate signal to noise ratio for repeatable re-
sults. Thus, to capture velocity field one region at a time, each vertical plane was 
broken up into 49 separate regions. With this limited field of view, the measure-
ment regions are overlapped to increase vector density and avoid discontinuities 
near the regions’ borders. 

Particle Seeding 

For seeding, chalk particles are used since they can sustain the high temperature 
environment around the hot exhaust heaters unlike the commonly used olive oil 
aerosol. Chalk particles are adequately small in size and weight to capture the flow 
details within this mostly low speed buoyant flow. A new fluidized bed solid aero-
sol generator was developed for PIV seeding. Using this seeder, chalk particles are 
injected into the engine compartment from the back plate holes once the system 
reaches steady state conditions. Flow disturbances due to particle injection damps 
out approximately 45 seconds after seeding as observed on the PIV camera. Thus, 
after 45 seconds, PIV recording sequence was started to capture 200 image pairs at 
15 Hz. 

3 Results 

Engine Block Surface Temperatures 

The temperature contours for the top (V), bottom (VI), right (III), left (IV), back 
(II), and front (I) faces of the engine block are presented in Fig. 7 and the corre-
sponding statistics are presented in Table 2. 
 
The discontinuity of the temperature magnitudes at some of the corners, especially 
between the right (III) and back (II) faces is due to the large mesh size for the 
temperature measurements. 
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Table 2 Engine block surface temperature statistics 

 
The thermal contours presented assume constant temperature over a cell area and 
does not take into account its thermal gradient. This is because temperatures were 
only obtained at the center of cells. Measurement of thermal gradients over the 
cells requires extensive time and effort. 
 
There are small temperature gradients at the front (I), back (II), top (V), and bot-
tom (VI) surfaces. The temperature is slightly higher at the top corners and be-
comes lower as the distance of Z-axis decreases for the front face. The highest 
temperature value is found at the right (III) surface closest to the exhaust heater. 
At the right (III) and left (IV) surfaces, the temperature is high along the axis of 
the exhaust heaters and becomes lower as the distance from the heaters increases. 
In addition, the temperature is lower at the bottom of each surface. Temperature 
gradients exist along the X-axis at the right (III) and left (IV) surfaces. 
 

Engine Block Surface Temperature Cº 

  
Front 

(I) 
Back 

(II) 
Right 
(III) 

Left 
(IV) 

Top 
(V) Bottom (VI) 

Mean 97.6 98.2 105.1 103.8 98.6 97.9 

Std Dev 1.4 0.5 7.0 4.2 0.1 0.5 

Max 99.7 98.9 123.2 113.6 98.8 98.2 

Min 94.3 97.2 97.6 98.2 98.4 97.1 

Range 5.3 1.7 25.6 15.4 0.4 1.2 
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Fig.7 Engine block surface temperature contours 
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In the upper back corner of the left and right faces, the temperature is high near 
the back face, more noticeable on the right (III) surface. In order to verify that this 
is a real effect and not due to the design of the engine heating system, the engine 
block was heated to the desired temperature without turning on the heaters for the 
exhausts. Under this condition, a uniform surface temperature for the engine block 
is expected. Any deviation from this is most likely due to the errors caused by the 
thermocouple measurements and the engine block heating system. The surface 
temperature gradients are found to be much smaller than what were observed with 
the exhaust heaters at 600 °C. Thus, the observed thermal behavior of the engine 
block surfaces is caused by the radiated and convected heat from the exhausts and 
not due to the experimental errors. 

 
Fig. 8 Enclosure surface temperature contours 
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Based on the computational results for a ¼ scale geometry by Leong7  (engine 
block surface temperature of 120 °C, enclosure wall temperature of 100 °C, and 
exhaust surface temperature of 600 °C), two large secondary flows shown sche-
matically in Fig. 5 were observed. If the existence of these flow structures could 
be validated by future experimental work, the larger temperature regions observed 
on the engine block side surfaces toward the end faces are justified. The vortex 
structures squeezed between the end faces of the engine block and the front and 
back sides of the enclosure are the main cause of three dimensionality of the flow 
near the end faces of the engine block. Thus, the heat of the exhausts at these loca-
tions are not mostly carried away toward the top face of the enclosure wall similar 
to the middle region of the exhaust (reason for higher temperatures observed near 
the midplane of the enclosure walls, Fig. 8). Instead, near the ends, heat of the ex-
haust and thermal boundary layers on the engine block surface is constantly con-
vected along the exhaust axis by the end region secondary flows. This effect gen-
erates higher temperature on the engine block surface and lower temperature on 
the enclosure walls near the front and back sides of the engine block. There are 
less thermal gradients on the enclosure walls on the right side relative to the left 
side due to existence of turbulent flow observed over the plume near the top re-
gions of the enclosure walls on the right half of the enclosure. 

Enclosure Surface Temperatures 

The temperature magnitudes are measured on the outside surfaces to prevent the 
thermocouple wires from disturbing the flow inside the enclosure. Because of the 
design constraints, the temperatures on the back (XI) and bottom (XII) faces had 
to be measured on the inside. The enclosure surface temperature contours and sta-
tistics are shown in Fig. 8, Tables 3 and 4, respectively. 
 
The high temperature regions are located directly above the exhaust heaters on the 
top face and closest to the exhaust heaters on the right (VIII) and left (IX) faces. 
 
Table 3 Enclosure inner surface temperature statistics 

Enclosure Inner Surface Tem-
perature ºC 

 Back (XI) Bottom (XII) 

Mean 72.9 59.7 

Std Dev 7.3 10.4 

Max 89.3 77.7 

Min 61.3 40.4 

Range 28.1 37.3 
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The high temperature of these regions is mostly caused by radiation from the ex-
haust heaters as described in the following section. Temperature distributions on 
the front surface (VII) show similar characteristics as the engine block front sur-
face. The temperature is highest at the top two corners with thermal gradients 
along the Y and Z axes. The back face is warmer than the bottom surface with an 
obvious rise in temperature approaching the exhaust heaters. 
 
Table 4 Enclosure outer surface temperature statistics 

Temperature Difference across the Wall Thickness of the 
Enclosure at the Middle Plane 

Glass Outer Surface Temperature  ºC 
  Front (VII) Right (VIII) Left (IX) Top (X) 

Mean 59.7 80.6 84.4 83.8 
Std 
Dev 10.4 24.7 32.6 24.0 
Max 77.7 124.4 147.2 146.4 
Min 40.4 41.2 39.1 58.8 

Range 37.3 83.2 108.0 87.6 

The outside and inside wall temperatures for the right (VIII), top (X), and left (IX) 
surfaces are measured at the middle plane of the enclosure. The inside and outside 
wall temperatures for the enclosure wall are shown in Fig. 9. ΔT is the tempera-
ture difference across the wall thickness of 3/16˝, and r is the distance of the outer 
thermocouple location from the center of the exhaust heaters 
 

 
Fig. 9 Middle plane thermocouple locations 
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As the magnitude of the local temperature becomes higher, ΔT increases, repre-
senting larger heat flux across the enclosure wall. The largest temperature differ-
ence is observed at thermocouple 17 which is located directly above the left ex-
haust heater. In addition, on the side walls (VIII and IX), the highest temperature 
magnitudes occur at thermocouples 7 and 20 with the smallest distance from the 
neighboring exhaust heaters. Since the highest temperatures occur where the en-
closure walls are exposed to the exhaust heaters, it is suspected that most of heat 
in the hottest regions of the enclosure wall is transferred through radiation. Since 
heat flux due to radiation is proportional to 1/r2, for the hottest regions, the domi-
nance of radiation heat transfer is validated by the correct predicted trend of the 
1/r2 curves in Fig. 10. On a section of the top surface, the 1/r² curves are not plot-
ted because view of the exhaust heaters is blocked by the engine block. In this re-
gion, the radiation is assumed to be significantly smaller consistent with the ob-
served lower temperatures. 

 
Fig. 10 Inside and outside wall temperatures for the enclosure wall at the middle plane 

Air Temperature 

Air temperature measurements are obtained on the middle plane with the location 
labeled in Fig. 3. Since active flow structures in the quarter scale are concentrated 
in the upper portion of the enclosure, most of the temperature measurements were 
conducted here. Due to structural integrity of the back plate as part of the support 
for the engine block, extensive access holes were not implemented. Response 
characteristics of the thermocouple used for air temperature measurements showed 
that a 5 seconds cut off and a 45 seconds recording time for actual air temperature 



 
Figure 11 shows the results of the air temperature measurements using unshielded 
thermocouples starting from top row. Air temperature on the left side is consis-
tently higher than the right side. The temperature profile for the first row shows 
the presence of the hot plume and the lobes on the side are consistent with the 
mixing due to the secondary flows observed by the PIV measurements. Air tem-
peratures of the column 2 thermocouples presented in Fig. 11 are higher than col-
umn 1. This is an indication of a hotter thermal layer around the right exhaust 
heater and the upper right engine block surface. This can only be verified with ex-
tensive thermal boundary layer measurements with accurate traversing thermo-
couple measurements to resolve the large temperature gradients in these regions. 
The bottom regions, rows 4 and 5 are much colder than the top regions as 
expected. 

66   

are acceptable. The data shows a general slow increase in temperature since the 
thermocouple is exposed to not only hot fluid but also radiation from the heated 
cylinders. Therefore, a cut off time is required. 
 

 
Fig. 11 Air temperature profiles 
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Velocity Measurements 

Contours of velocity magnitude and standard deviations and their close up views 
for vertical middle plane are shown in Figs. 12, 13, and 14, respectively. 
 

  
Fig. 12 Contours of velocity magnitudes Fig. 13 Contours of velocity standard  
 deviations 
 
Visualized flow with stream traces is shown in Fig. 15. Most of the flow activity 
within this buoyant flow occurs near the top of the compartment above the exhaust 
heaters and in the region between the top of the engine surface and the top enclo-
sure wall. The maximum measured velocity magnitude is about 0.72 m/sec above 
the exhaust heaters. Large flow standard deviations are seen over the engine block 
and the right top side of the compartment. Two large counter-rotating vortices are 
observed in Fig. 14. 
 
The flow within this region is turbulent as demonstrated by animation movie cre-
ated from the instantaneous velocity vector fields above the right exhaust heater. 
Since the distance from the top of the exhaust heater from the top enclosure wall is 
larger for the right side compared with the left side, the hot plume on the right has 
more time to go through flow transition and turbulent stages. The turbulent jet fi-
nally impinges on the top surface of the enclosure wall. This phenomenon is 
clearly shown by six instantaneous realizations of the flow structures in Fig. 16 as 
the plume cycles through one period of overall flow oscillation. Since PIV was 
conducted with the laser pulse frequency of 15 Hz, the interval between consecu-
tive images is 0.0667 sec.  With six images contributing to a full cycle, the overall 
frequency of this sweeping turbulent impinging jet is about 2.5 Hz.  The entrain-
ment due to the plume shear layer is clearly shown by the ensemble average of ve-
locity traces above the right exhaust heater in Fig. 17. 
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Fig. 14 Regional close up display of velocity contours with stream tracers 
 
The temperature profiles on the en-
closure inner surface at middle plane 
(Fig. 18) show that the wall tempera-
tures are hotter on the left side.  In 
addition, due to the turbulent flow of 
the top right side, thermal gradients 
are smaller on the top right side of 
the enclosure wall relative to the left 
side 
 
The onset of instability waves and 
transition to turbulence is clearly ob-
served by visualizing a long candle 
flame behavior 
 Fig. 15 Stream traces on middle plane 
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Although flame propagation is not exactly the same as the buoyant flow around a 
heated cylinder, the hot flame and smoke downstream of the candle flame shows a 
phenomenon very similar to the hot plume of the exhaust in this experiment.  
These findings are also consistent with the results of tests performed by T. Max-
worthy6 who generated a hot thermal plume from propane diffusion flames and 
observed oscillations similar to the ones that are observed here. Extensive studies 
have been made on forced and cross flow convection of buoyancy driven flow 
over a cylinder at very low Reynolds numbers. Unfortunately, the authors have not 
found any work on pure natural convection buoyant flow over a cylinder. 
 
The critical Grashof numbers for flow around a vertical flat plate and around a 
cylinder are about 109. The Grashof number is the ratio of buoyancy force to vis-
cous force as defined by the following equation 
 

   (1) 

where  β = 1/T is the volume expansion coefficient 
 Ts is the surface temperature of the object 
 T∞ is the fluid temperature far from the surface 
 Lc is a characteristic length of the geometry and 
 ν is the kinematics viscosity of the fluid at Tf =(Ts+T∞)/2 
 
Calculated Grashof numbers for different geometrical shapes that make this full 
scale model result in values less than the critical value.  However, downstream of 
the right heated exhaust, flow transitions from laminar to turbulent flow. Thus this 
flow is composed of different flow regimes, laminar, transition, and turbulent 
flows depending on the flow location relative to the underhood components. 
 

 
Fig. 16 Full cycle of instantaneous unsteady thermal plume on top of the right exhaust heater 
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Although in the lower regions of the enclosure, ve-
locity magnitudes are in the range of 0.0001 to 
0.02 m/sec, stream traces show the details of the 
flow. Buoyancy generated as the result of hot sur-
faces of the inclined engine block are the cause of 
higher speeds in the proximity of these surfaces. 
The shape of the stream traces near the inclined 
engine block surfaces indicates the presence of 
thermal boundary layers caused by hot engine 
block surfaces observed by a PIV animation video 
created for the region below the right exhaust hea-
ter. At y ~ 400 mm, flow diverts toward the hotter 
sections of the enclosure surfaces and then it is 
drawn toward the hotter exhaust heater. This is due to the low pressure region 
generated around the exhaust as a result of the buoyancy. Plots similar to those of 
the middle plane are obtained for the front and back vertical planes. Discussion of 
the flow behavior on these planes is not presented here since flow on these planes 
is similar in nature to the flow of the middle vertical plane described in previous 
section. 

 
Fig. 18 Enclosure inner surface temperature profiles at the middle plane 

Fig. 17 Velocity traces above the 
right exhaust heater 
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Transient Velocity and Temperature Measurements-Feasibility 
Study 

Final part of this project was to assess the feasibility of conducting transient PIV 
and temperature measurements. The challenge for PIV measurements under tran-
sient conditions is that seeding particles at very low speeds drop out of the flow 
field and no longer follow the flow field. At high speeds, the particles attach to the 
surfaces of the enclosure and the engine block due to moisture and surface rough-
ness. As a result, seeding density has a dramatic effect on data density. However, 
by initial heavy seeding of the flow, high quality measurements for up to 45 min-
utes in the region above the right exhaust heater could be obtained without reseed-
ing. PIV measurements were taken every 5 minutes at 15 Hz, recording 200 
frames for averaging. This region is chosen since it is over the plume and is ex-
pected to be directly affected by thermal changes during transient period of cool-
ing down. Flow in the rest of the enclosure is also changing during transition. 
However, for transient capture of the flow behavior, PIV is only possible for one 
region at a time due to large field of view of the entire engine compartment. The 
sequence of velocity magnitude contour plots in Fig. 19 displays gradual change 
in the flow characteristics and velocity magnitude. As the hot plume weakens, its 
centerline is tilted toward the right corner of the enclosure. The small vortex on 
top of the right corner of the engine block starts to disappear and the large vortex 
on the left side of the plume migrates toward the right side accompanying the 
plume. This overall migration might be due to a clockwise mean velocity field 
throughout the engine compartment due to the slant angles on the top and right 
surfaces. The animated videos obtained from the velocity fields show that the 
large oscillation of hot plume begins to die down and eventually disappear as the 
system cools down. Disappearing of the large oscillatory motion observed under 
steady state condition can be seen from decreasing magnitudes in velocity stan-
dard deviation. Although, low frequency oscillations with small amplitudes on the 
hot plume still exists, at about 15 minutes from the start of the transition period, 
large flow fluctuations are completely vanished.  
 
Air temperature at a point in this region was measured, and block temperature was 
recorded throughout the process. Air temperature was measured at 2.5 minutes in-
terval and block temperature data were obtained every 10 seconds. The data show 
the temperature change during transient cooling up to 45 minutes. Once all power 
is shut off, temperature of the exhaust heaters drops and the heat transferred to the 
engine block is no longer cooled to saturation by the jet sprays inside the engine 
block. Therefore, the right and left side of the engine block surface temperatures 
spike immediately after power shut down.  
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Fig. 19 Ensemble average of velocity fields for the region above the right exhaust heater under 
transient cooling down process 

4 Conclusions 

• We have found some differences between the flows for ¼ and the full scale 
models. This is because the driving force in this flow is the buoyancy that is 
created by the temperature difference between the hot surfaces and the sur-
rounding flow. The important non-dimensionalized number is Grashof number, 
a measure of the relative magnitudes of the buoyancy force and the opposing 
viscous force acting on the fluid. Under the same thermal boundary conditions, 
the full scale model’s Grashof number is 64 times larger than the ¼ scale 
model. The dominant difference between the two model flows is the transition 
from laminar to turbulent flow over the right cylinder which was not observed 
in the ¼ scale model  
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• For steady state condition, PIV measurements on three vertical planes at X = 
317, 444, and 571 mm have shown that flow is turbulent on the right top por-
tion of the enclosure contributing to enhanced thermal convection relative to 
the top left side. Radiation from the exhaust heaters plays a dominant role in 
raising the temperature of the enclosure walls in the vicinity of the exhaust 
heaters.  

 
• The measured dominant structures are two larger counter rotating vortices over 

the top right side of the engine block and two counter rotating vortices over the 
top left side. In addition, there exist two dominant smaller secondary flows, one 
over the top surface of the engine block near its right corner, and one in the top 
right corner of the enclosure.  

 
• Entrainment of the flow contributes to thick thermal boundary layers on the ex-

haust heater and slant surfaces of the engine block. Three dimensional compu-
tational results conducted for ¼ scale model exhibit secondary flows between 
the end faces of the engine block and the enclosure walls. These secondary 
flows are the main cause of the three dimensionality of the flow near the end 
faces of the engine block. The heat of the exhausts at these locations is not 
mostly carried upward toward the top face of the enclosure wall similar to what 
is observed in the middle region of the heater. Instead, near the ends, heat of 
the exhaust and thermal boundary layers on the engine block surface is con-
stantly convected along the exhaust axis by the end region secondary flows. 
This effect generates higher temperatures on the engine block surface and 
lower temperatures near the top regions of the front and back sides of the en-
closure walls. 

 
• Air temperature results under steady state condition show that generally the 

right side is cooler than the left. The temperature profile for the first row show 
the presence of the hot plume and the lobes on the side are consistent with the 
mixing occurring due to the secondary flows observed by the PIV measure-
ments. Large temperature gradients over the narrow regions of the plume re-
quire a more accurate traversing mechanism for temperature measurements 
with higher resolution.  

 
• PIV and thermal measurements were conducted during the first 45 minutes af-

ter the power to the entire system was turned off to investigate the feasibility of 
the transient cooling. PIV was only obtained for the region of the enclosure 
above the right exhaust heater in the middle plane. Air temperature was also 
measured at a point in this region. However, the entire engine block surface 
temperature and the exhaust heater temperatures were measured. Once transient 
cooling starts, the hot plume weakens and its centerline is tilted toward the 
right corner of the enclosure. The small vortex on top of the right corner of the 
engine block disappears and the large vortex on the left side of the plume mi-
grates toward the right side accompanying the plume. The turbulent flow ob-
served under steady state condition weakens drastically and the intensity of the 
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flow structures and in general flow activity begins to slow down with time.  
The temperature of the block surfaces start to rise for the first 7.5 minutes and 
then the cooling process begins. This effect is because the heat pipe mechanism 
of the engine block ceases to function and thus for the first few minutes, the 
heat of the exhausts is not removed properly. 
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Abstract   Transient numerical results are presented for simulating buoyancy 
driven flow in a simplified full-scale underhood in automobile. The flow condition 
is set up in such a way that it mimics the underhood soak condition, when the ve-
hicle is parked in a windbreak with power shut-down, after enduring high thermal 
loads due to performing a sequence of operating conditions, such as highway driv-
ing and trailer grade loads in a hot ambient environment. For validation, several 
experiments were conducted to measure the temperature and velocity fields. The 
simplified underhood geometry, although simplified, consists of the essential 
components in a typical automobile underhood undergoing the buoyancy driven 
flow condition.  It includes an enclosure, an engine block and two exhaust cylin-
ders mounted along the sides of the engine block. The calculated temperature and 
velocity were compared with the measured data at different locations near and 
away from the hot exhaust plumes. The numerical predictions reveal a complex, 
transient flow structure under the buoyancy condition, and the results show very 
favorable comparisons with the experimental velocity and temperature measure-
ments. The transient numerical procedure developed for the current study would 
pave the way for the future numerical simulations of the practical real underhood 
soaking. 

1 Introduction 

Buoyancy convection heat transfer plays a dominant role in a vehicle under-
hood environment during “soaking”. The underhood thermal soaking, or “soak”, 
condition occurs after the vehicle endures high thermal loads due to performing a 
sequence of operating conditions such as highway driving and trailer grade loads 
in a hot ambient environment (>38 degrees C).  The vehicle is then parked in a 
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windbreak, and the power is shut down.  Due to the absence of any underhood air-
flow from the fans or the ambient surroundings, the underhood begins a thermal 
process that is dominated by buoyancy driven flow.  During the soaking, the tem-
perature can rise even higher in a tightly packed underhood environment. 

To numerically simulate the underhood soak condition in a full size vehicle, 
required is a significant amount of computer resources and computational tech-
niques. The soak process is inherently transient and involves a small scale flow 
motion (usually less than 1 m/s) in a very complex 3D underhood layout. Before 
this thermal process can be confidently analyzed in a production analysis envi-
ronment, it is necessary to evaluate the numerical approaches step by step using an 
idealized geometry that captures the essential features of the flow physics but 
avoids undue complexity. 

A previous experimental and numerical study of similar flow configuration 
with quarter-scale was conducted [1] [2]. Several numerical issues, including 
mesh type and size, spatial and temporal accuracy have been discussed [2]. For the 
quarter- scale case, both experimental measurement and numerical simulation ex-
hibit steady state flow pattern [1] [2] and the agreement between the prediction 
and the experiment is very favorable in both temperature and velocity. As men-
tioned previously, the current study using the simplified model is to develop a vi-
able numerical procedure to predict such buoyancy driven flow in an automobile 
underhood undergoing a soak condition. This development was designed to cap-
ture all the essential flow physics with the help of the experiment without involv-
ing details of the complication in the real underhood geometries. With this in 
mind, the quarter-scale study in [1] and [2] might not provide the correct flow 
physics due to size difference. Nonetheless, the experiences learned, both in simu-
lation and experiment, from the quarter-scale study are very helpful in providing 
directions in devising a more sophisticated full-scale study. The full-scale configu-
ration is almost identical to the quarter-scale. However, due to the significant in-
crease in size, a new Particle Image Velocimetry (PIV) measuring technique, new 
type of seeding for the laser and lots more thermocouples for temperature fields 
are required. The full-scale simplified underhood geometry consists of an enclo-
sure, an engine block and two exhaust cylinders mounted along the sides of the 
engine block (Fig. 1). The flow condition is set up in such a way that it mimics the 
soak condition in the underhood. The geometry size difference for the current full-
scale study produces quite different flow and temperature fields than the quarter-
scale does with a similar temperature boundary condition. Among others, the most 
significant difference is that both experimental and numerical predictions for the 
full-scale case reveal a complex, transient flow structure which does not exist for 
the quarter-scale case. This indicates that the thermal plume driven by the strong 
buoyancy force above the cylinder becomes unstable at the full-scale configura-
tion. For the full-scale test, in addition to the constant boundary temperature con-
dition measurement, a 45-minute transient cool-down temperature boundary con-
dition and a limited number of temperature and velocity data above the hot 
thermal plume were taken during the cool-down period. 
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This paper is organized as follows. A brief overview of the experimental setup 
and measurement is presented first. Following that, the numerical study using Flu-
ent [3] and the comparison with the measurements are discussed. The plan for fur-
ther investigation is laid out as well.  

2 Experimental Setup 

The details of the experimental work were documented well in [4, 5]. In the 
current paper, the experimental data and experimental setup will be described 
briefly so that the numerical study can be easily explained. The flow configuration 
is shown in Fig. 1 in which depicted an outer enclosure, an engine block and two 
exhaust cylinders mounted along the sides of the engine block. The size of the 
outer enclosure in the simplified underhood shown in Fig. 1 is roughly 1m x 1m x 
1m and it has a slanted hood and sloped dash which mimic the underhood com-
partment in a production vehicle. The two exhaust cylinders are identical in length 
and size and they are 584.2 mm long and 45.7 mm in diameter. A brief sketch 
with dimensions for the experimental setup is shown in Fig. 2. The detailed ge-
ometry with dimensions is documented in [4, 5]. 
 

 
Fig. 1 Experimental setup 
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Fig. 2 Overall dimensions of the experimental underhood (units in inches) 

2.1 Wall Boundary Temperature conditions 

Two sets of boundary temperatures were recorded for the numerical validation 
purpose. The first is a fixed temperature boundary condition and the second is a 
time varying cool down temperature boundary condition. They are described as 
follows. 

Fixed boundary temperature 

There are three types of boundary surfaces in which temperature distributions 
need to be experimentally controlled. These three surface types are: exhaust cylin-
ders, engine block and the outer enclosure. The surface temperature of each ex-
haust cylinders is kept at 600 ºC by inserting a 3500 W cartridge heater into the 
core of the cylinder. The surface temperature of the engine block is kept at a 
nominal temperature of 100 ºC by a specially designed water spray circulating 
system inside the engine block. A total of 116 thermocouples were buried under 
the skin of the engine block to monitor and record the actual temperature distribu-
tion on the engine block surfaces. As can be seen later, some surface areas, due to 
the proximity to the two exhaust cylinders, are inevitably hotter than 100 °C. This 
design is much simpler and more effective than that used in the quarter-scale setup 
[1]. No special device was used to keep the surface temperatures of the outer 
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enclosure constant. Instead, thermocouples were directly placed on the enclosure 
surfaces to record the final equilibrium temperature. The total number of thermo-
couple measuring points on the outer enclosure to map the temperature distribu-
tion is 451.  

Time varying cool-down boundary temperature 

When the vehicle is in thermal soaking condition, the surface temperature in 
each underhood component is changing with time. To model this cool-down ther-
mal environment, a second set of temperature boundary conditions were recorded. 
Following the previously described fixed temperature boundary condition, the 
power used to maintain the temperatures for the exhaust cylinders and the engine 
block was shut off and the temperature readings were recorded for all the bound-
ary surfaces for 45 minutes. The time history of the temperature cool-down data 
will provide time varying boundary conditions for another set of numerical valida-
tion and calibration. The experimental data of the transient cool-down boundary 
condition are documented in [4, 5] and are not presented here. 

2.2 Air temperature and flow measurements 

Air temperature measurement 

The air temperatures are measured by thermocouples at 104 locations inside 
the engine compartment. These locations are on the mid-plane (at y=0) and their 
locations can be seen in Fig. 3.  
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Fig. 3 Locations of the air temperature measurements 

PIV flow measurement 

The air velocity was measured by a conventional 2D PIV (Particle Image Ve-
locimetry) system. The PIV setup can be seen in Fig. 4. There are three PIV test 
planes that correspond to mid-plane (y=0), front quarter plane (y=-127 mm) and 
back quarter plane (y=+127 mm). The camera field of view for these PIV tests 
was 12 cm by 12 cm in size.  An interrogation area size of 32 x 32 pixels corre-
sponding to physical size of approximately 4 mm x 4 mm provided adequate sig-
nal to noise ratio for repeatable results. Thus, to capture velocity field one region 
at a time, each vertical plane was broken up into 49 separate regions shown in Fig. 
5. With this limited field of view, the measurement regions are overlapped to in-
crease vector density and avoid discontinuities near the regions’ borders. The re-
gions are combined to show the flow statistics on an entire vertical plane.  
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Fig. 4 PIV test setup 

 
Fig. 5 Stitched overlapping region for PIV. 
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3 Experimental Results 

The experimental results were categorized into three parts: (1). the surface 
temperature maps on the engine block and outer enclosure, (2). air velocity at the 
mid-plane, and (3). air temperature at the mid-plane. The surface temperature data 
are to be used as boundary conditions for numerical validation. The air tempera-
ture and velocity from the measurement at the mid-plane are the data to be used 
for numerical validation and comparison. Again the transient boundary tempera-
ture cool-down data described above are in large quantity and are not reported 
here. It is described in detail in [4, 5]. 

Fig. 6 Temperature maps for the outer enclosure 

Table 1 Outer enclosure temperature statistics 

Glass Outer Surface Temperature  ºC 

 
Front 

(VII) 
Right 

(VIII) Left (IX) Top (X) 

Mean 59.7 80.6 84.4 83.8 

Std Dev 10.4 24.7 32.6 24.0 

Max 77.7 124.4 147.2 146.4 

Min 40.4 41.2 39.1 58.8 

Range 37.3 83.2 108.0 87.6 
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3.1 Surface temperatures 

The temperature maps on all the surfaces are recorded. These include exhaust 
cylinders, engine block, outer enclosures and the three pipes which provide the 
heating and cooling fluids and the thermocouple wiring in and out of the engine 
block. Figure 6 shows the surface temperature distribution of the outer enclosure. 
The temperature distribution is quite non-uniform with strong influence from the 
exhaust cylinders on both sides. Table 1 lists the temperature statistics of the outer 
enclosure. Figure 7 shows the temperature distribution for the surfaces of the en-
gine block and Table 2 lists the temperature statistics. Again, the surface tempera-
tures on the engine block are much higher than 100 °C due to the proximity to the 
hot exhaust cylinders. The average surface temperatures of the three pipes at the 
back of the engine block as seen in Fig. 2 are 95.7 °C for the upper pipe, 92.8 °C 
for the middle pipe and 74.8 °C for the lower pipe respectively. 

Fig. 7 Temperature maps for the engine block. 

3.2 Air velocity at the mid plane 

Figure 8 shows a time-averaged velocity contours at the mid-plane with close-
up views from the upper left and right corners. Most of the flow activity occurs 
near the top of the compartment above the exhaust heaters and in the region be-
tween the top of the engine surface and the top enclosure wall. The maximum 
measured velocity magnitude is about 0.72 m/sec above the exhaust heaters. The 
flow field under the current flow configuration eventually evolves into an oscillat-
ing thermal plume above the exhaust cylinders. Figure 9 shows six thermal plume 
pictures in a cycle which has a frequency of 2.5 Hz. More discussions about the 
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transient behavior of the thermal plumes will be given when the numerical results 
are presented. 

 
Fig. 8 Time-averaged velocity contours at mid-plane 

Table 2 Engine block temperature statistics 

 

 Front (I) Back (II) Right (III) Left (IV) Top (V) Bottom (VI) 

Mean 
97.6 98.2 105.1 103.8 98.6 97.9 

Std dev 
1.4 0.5 7.0 4.2 0.1 0.5 

Max 
99.7 98.9 123.2 113.6 98.8 98.2 

Min 
94.3 97.2 97.6 98.2 98.4 97.1 

Range 
5.3 1.7 25.6 15.4 0.4 1.2 
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Fig. 9 Experimental instantaneous unsteady thermal plume on top of the right exhaust cylinder in 
a cycle 

3.3 Air temperature at the mid plane 

The location of the thermocouples at the mid-plane is shown in Fig. 3. There 
are 104 thermocouples used at the mid-plane with more distributed near and above 
the exhaust cylinders and the gap between the top engine block surface and the 
upper surface of the outer enclosure. The measured temperature distributions for 
rows 1 to 5 are shown in Fig. 10. These temperatures are to be compared with the 
numerical predictions and will be discussed later in the paper.  
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Fig. 10 Temperature profiles at various lines defined at the mid-plane. 
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Fig. 10 (Continue) 
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Fig. 10 (Continue) 

4 Numerical Results 

Numerical simulations were carried out with Fluent version 6.3.26 [3]. From 
the previous quarter-scale study [2], it was concluded that the 2nd order accuracy 
in both space and time is best suitable for the present simulation. It also demon-
strates that a well prepared tetrahedral mesh can achieve a comparable accuracy 
with a prism layer mesh. The experiences gained from the detailed numerical 
study from the quarter-scale study [2] lead to the following mesh size arrange-
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ment. The mesh size on the surface of the exhaust cylinders and engine block are 2 
mm and 5 mm respectively. The total number of cells is 4.7 million tetrahedral 
cells. Much more cells were placed near the exhaust cylinders and the upper por-
tion of the engine block to resolve the high temperature gradient and buoyancy in-
duced flow field. The temperature boundary conditions on the surfaces of the en-
gine block and the enclosure are directly obtained from the experimental data 
shown in Figs. 6 and 7, respectively (see also data in [4, 5]). The temperature on 
the surface of the exhaust cylinders was kept constant at 600 °C. A no-slip condi-
tion is used on all the wall surfaces. The RNG − turbulence model with a 
non-equilibrium wall function is chosen to model the turbulence. The air dynamic 
viscosity and thermal conductivity vary with temperature by Sutherland law [3]. 
The range of air density variation in the domain was very significant due to the 
large temperature difference (~500 °C) and therefore the compressible ideal gas 
law was used to ensure the validity of the solution. A 2nd order implicit time 
marching scheme with sub-iterations was used to solve the flow and temperature 
fields from an initially quiescent flow field with a uniform temperature of 60 °C. 
The size of the time step reduced sequentially along the transient simulation proc-
ess from 0.01 to 4105 −×  second to help obtain fast initial transient flow devel-
opment and ensure capturing the accuracy of the fine scale flow motion toward the 
end of the simulation. The sensitivity of the time step to the accuracy of the tran-
sient motion will be discussed later in the paper. 

The computational domain and the mesh in the mid-plane are shown in Fig. 
11. The domain was set up exactly according to the experimental configuration 
which also includes the two bigger pipes used to support the engine block and to 
provide the plumbing supply to maintain the desired temperature of the engine 
block and the middle small pipe for thermocouple wires. The measured tempera-
ture maps on the wall boundaries were used to specify as the boundary conditions 
in the numerical simulation. 

The simulation was carried out from a steady state run for 1000 iterations and 
then switched to the transient mode. The flow quantities were monitored for tran-
sient behavior at points 10 and 39 at the mid-plane as indicated in Fig. 12 (see also 
Fig. 3). 

εκ −
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Fig. 11 The computational domain and the mesh at mid-plane. 

 
Fig. 12 Velocity and temperature profiles recorded for comparison. 
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4.1 Transient behavior of the flow 

Figure 13 shows the time histories of the velocity magnitude at points 10 and 
39. Due to the slope of the upper outer enclosure, the upper right corner has more 
room for the flow to develop. This can be seen in Fig. 13. It shows that the veloc-
ity magnitude at point 10 is much higher values than that at point 39. The time his-
tory also shows that the flow fields in the two monitor points are relatively quite 
for the first 10 seconds. The region at and around the point 39 starts to respond to 
the effect of the thermal plume originated from the left exhaust cylinder between t 
= 5 and 15 seconds. The velocity at point 39 stays flat at lower than 0.1 m/s for the 
next 30 seconds before it turns violent and exhibits a very regular periodic motion 
with a amplitude of around 0.1 m/s. The time history of the velocity magnitude at 
point 10 behaves similar to point 39 except that the velocity magnitude at point 10 
is much larger than that at point 39.  

To gain more insights of the final oscillating pattern, the time histories of the 
velocity and temperature at these two points for the last 5 seconds are shown in 
Fig. 14(a) and Fig. 14(b). They are clearly developing into a periodic motion as 
suggested by the experiment [4, 5] shown above. Figure 15 shows the power spec-
tral density of the velocity at point 10. It clearly reveals a dominant frequency at 
about 2.53 Hz (the time period T=0.395 s). The frequency recorded in the experi-
ment shown in Fig. 9 is 2.5 Hz. The agreement with the current numerical predic-
tion is very satisfactory. This comparison is also listed in Table 3. The ability to 
capture the transient accuracy during system integration is extremely important in 
predicting the correct peak temperature during the soaking stage to prevent part 
failure due to inadequate heat protection. 

 

 
Fig. 13 Time histories of the velocity magnitude at points 10 and 39 
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Fig. 15 Velocity power spectrum at point 10. 

Table 3 Comparison of the oscillating frequency of the hot thermal plume 
  Frequency (Hz) Period (second) 

exp 2.5 0.4 
Fluent 2.53 0.395 

 
Fig. 14a Close-up view of the oscillating pattern for velocity at points 10 and 39 

 
Fig. 14b Close-up view of the oscillating pattern for temperature at points 10 and 39 
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4.2 Sensitivity of the time step size 

As mentioned earlier, the size of the time step reduced sequentially along the 
transient simulation process from 0.01 to 4105 −×  second to help obtain fast initial 
transient flow development and ensure capturing the accuracy of the fine scale 
flow motion toward the end of the simulation. A separate study was conducted to 
investigate sensitivity of the time step size to the solution accuracy. Figure 16 
shows the results of this study. It was found that for the current flow, if a constant 
large time step of 0.01 second was used, the thermal plume never developed a cor-
rect periodic motion as indicated by the velocity time history at point 10. When 
compared to Fig. 13 which shows a correct velocity time history using time step of 

4105 −×  second, the velocity curve at point 10 begins to show development of pe-
riodic motion as early as around 50 seconds, the velocity time history at the same 
point in Fig. 16 never develops a periodic motion up to 67 seconds when the time 
step of 0.01 second is used. It was found that the reduction in time step at least by 
a factor of 10 (time step of 0.001 second) would allow the flow to establish a con-
verged flow behavior. The velocity time history for a time step of 0.001 second is 
shown in Fig. 16 by restarting the simulation from the solution of 0.01 second ob-
tained at time=65 seconds. It is very clear that a converged (in a transient sense) 
periodic motion begins to develop right after using the time step of 0.001 second.  

 

 
Fig. 16 Time history plot for the velocity at point 10 with two time step sizes during the final 
stage of simulation. 
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4.3 Buoyancy flow characteristics 

The Grashof number, LGr , is usually used to characterize the buoyancy flow. 
The definition of the Grashof number is expressed as follows: 

where g is the gravity, β is the thermal expansion coefficient, ν is the kinematic 
viscosity, L is the length scale, sT is the surface temperature, and ∞T is the tem-
perature in the flow-field. Due to the complexity of the geometry, two Grashof 
numbers are identified. As shown in Table 4, the two Grashof numbers are based 
on two length scales, one with the slanted engine block wall and the other with the 
exhaust cylinder. ∞T  is based on the average flow temperature close to the heat 
sources as indicated in Table 4. The estimated range of the Grashof numbers indi-
cates that it is very close to the turbulent regime according to the classic cylinder 
flow analysis [6].  

 
Table 4 Buoyancy flow characteristics 

 

4.4 Time-averaged temperature and velocity 

Figure 17 shows snapshots of both temperature and velocity contours at mid-
plane. The velocity contours shown in Fig. 17 qualitatively resemble the experi-
mental data shown in Fig. 8. As mentioned earlier, the flow exhibits a periodic 
pattern as both suggested by the test and numerical simulation. Therefore to com-
pare with the experimental data for both the temperature and velocity components, 
the flow results from the numerical simulation over many cycles into the oscillating 
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periods are time-averaged. The time-averaged temperature and velocity compo-
nents are compared with the measurements in five rows and two columns defined 
in Fig. 12. Figure 18 shows the temperature profiles from the current simulation 
for 5 horizontal rows. The symbols represent the measured data reported in [4, 5].  

Fig. 17 Snap shots of the temperature and velocity contours at the mid-plane 

The temperature profiles are shown in Fig. 18. The predicted temperature pro-
file in line L1 which is in the gap between the upper surface of the engine block 
and the outer enclosure follows the trend quite well with the test data except that it 
under-predicts the peak value near the right enclosure surface. Similarly the pro-
file in line L2 on the right part shows the correct trend with the test data but 
misses the peak by about he same amount. The temperature discrepancy around 
this small region close to the engine block was thought to come from the under-
resolved boundary temperature mapping from the experimental data where only 
finite number of thermocouples was installed. More thermocouples in the future 
measurement should provide better boundary conditions for numerical validations. 
Figure 19 shows the temperature profiles along two vertical columns. The figure 
shows very clearly that the temperature gradient near the exhaust cylinders is very 
high.  

The velocity components are compared with the PIV measurements along the 
same five horizontal rows and two vertical columns. Figure 20 shows the W (ver-
tical) velocity component on those five rows. The trend in the velocity profiles is 
well captured. It should be noted that the velocity magnitude is very small and is 
in the order of 0.7 m/s. Figure 21 shows the U (horizontal) velocity component 
along the two vertical columns. The trend of the profiles is also very well pre-
dicted. However, it can be seen in Figs. 20 and 21 that the numerical results under-
predict the peak values for both U and W components. This under-prediction is 
very consistent to the temperature profiles discussed in the previous paragraph. A 
higher degree of boundary temperature mapping from the measurement with more 
thermocouples should be able to improve the prediction accuracy. 
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Fig. 18 Temperature profiles comparison with the measured data in five rows. 

 

 
Fig. 19 Temperature profiles comparison with the measured data in two columns. 
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Fig. 20 W velocity component profile comparison with the measured data in five rows 

 

 
Fig. 21 U velocity component profile comparison with the measured data in two columns 
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5 Conclusions 

Both experimental and numerical approaches are used to study the buoyancy 
driven flow in a simplified underhood. The simplified underhood geometry con-
sists of an enclosure, an engine block and two exhaust cylinders mounted along 
the sides of the engine block. The experiment measures both temperature at the 
mid-plane and PIV velocity field at the mid-plane and 2 off-center planes. The 
wall temperature distributions along all the boundary surfaces are also recorded to 
be used for numerical validation. The numerical simulation predicts the transient 
thermal plume right above the exhaust cylinders very well with the predicted os-
cillating frequency at 2.53 Hz which is very close to the test data of 2.5 Hz. The 
contours of the flow and temperature fields show well-captured thermal plumes 
right above the exhaust cylinders, recirculation vortices around two upper corners 
and the gap between the engine block and the upper enclosure surface. The time-
averaged air temperature and velocity profiles at the mid-plane for five horizontal 
rows and two vertical columns are compared to the measured data. The tempera-
ture values, in general, are in close agreement with the test data except the nu-
merical results under-predict the peak temperature in the gap region between the 
top surface of the engine block and the outer enclosure. The under-predicted tem-
perature and velocity near the engine block are believed to come from the under-
resolved boundary temperature distributions. A more detailed boundary tempera-
ture mapping from the measurement can improve the current accuracy. The pre-
dicted maximum air velocity scale is in the order of 0.7 m/s which is extremely 
small and very hard to obtain accurately in the measurement. Nonetheless, the 
numerical predictions capture the flow motion quite well when compared to the 
measured velocity profiles.  

A transient cool-down air flow and temperature measurement was also con-
ducted in the experiment. The time history of the 45-minute temperature boundary 
condition was recorded to be used later as transient boundary conditions for future 
numerical simulations. A limited number of air temperature and velocity data 
above the thermal plume are recorded for 45 minutes for later comparison. The 
numerical study of the transient cool-down test condition will be presented in a 
separate paper. 
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Abstract   The aerodynamic development of a new vehicle is usually performed 
in smooth flow EFD or CFD domains with the vehicle in isolation.  However the 
flow environment on-road is complex due to the presence of atmospheric winds, 
the wakes of nearby stationary objects and, depending upon driving conditions, 
the wakes of other vehicles. Winds and traffic generate a turbulent flow environ-
ment and can augment or reduce the mean velocity experienced by the moving 
vehicle. Recent work on turbulence arising from vehicles traversing the atmos-
pheric boundary layer is reviewed and the consequence of upstream vehicle wakes 
is considered. The influence of distance and rear slant angle is examined, via 
wind-tunnel measurements of wakes of Ahmed bodies using dynamically cali-
brated multi-hole probes. The effect on very closely coupled vehicles (such as 
may occur in future platoons) is investigated via force and surface pressure meas-
urements on two and three vehicle Ahmed bodies of varying rear slant angle.  It is 
argued that the typical turbulence intensity for current highway driving is about 
5%, but this can be significantly augmented when in the close proximity of other 
vehicles and/or during high winds. Further it is shown that for some vehicle forms, 
close coupling can increase the total platoon drag. 
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Abstract   Preliminary experiments were carried out to investigate possible bene-
fits of using a relatively new type of fluidic actuators (Raman & Raghu [1]) in 
combination with attached aft bodies to reduce the drag on a standard semi-trailer 
truck. The actuators generate oscillating jets that cause the formation of stream-
wise vortices that enhance the entrainment of the shear layer significantly. Taking 
into account the potential feasibility of any add-ons to a trailer, seven different 
bodies with simple geometries were chosen for this investigation. 

Nomenclature 

Aa    total open area of actuator nozzles 
Acs    cross section of trailer, based on total height 
Lc    circumference of trailer 
Uj    actuators jet velocity, based on flow rate 
U∞    free stream velocity 
ρ    density of air 
Cμ = 2*Aa/Acs*(Uj/U∞)2  momentum coefficient 
Ft    measured thrust force 
Fd    measured drag force 
Ct = Ft/(1/2*ρ*U∞

2*Acs)  thrust coefficient 
Cd = Fd/(1/2*ρ*U∞

2*Acs)  drag coefficient 
Cd0    Cd of baseline configuration (no actuation) 
Dhydr = 4*Acs/Lc   hydraulic diameter 
Re    Reynolds number, based on Dhydr 
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Introduction 

Significant improvements have been made in the last decades to reduce the 
drag of commercial vehicles (Cooper [2]), especially heavy trucks. Experiments 
were carried out in a wide range of Reynolds numbers (Cooper [2], Storms et al. 
[3]), up to on-the-road tests (Englar [4]) to check the validity of smaller-scale 
studies. The potential of further reducing fuel consumption and emissions led to 
numerous research projects applying active flow on heavy vehicles. Steady blow-
ing was investigated (Coon and Visser [5]) as well as oscillatory forcing (Hsu et 
al. [6]) in combination with different configurations of added aft-bodies. All these 
approaches focus mainly on altering the spanwise structures of the flow. In con-
trast to this the type of actuation investigated preliminarily in this study is targeted 
at generating streamwise structures. 

Experimental Setup 

A 1/24th scale model of a Kenworth T-600 B with Great Dane trailer (Fig. 1a), 
was modified for this investigation. Main alterations were the addition of a pres-
surized chamber containing 20 actuators at the rear end of the trailer (Fig. 2a) and 
an aluminum rail connecting tractor and trailer, providing balance mount points of 
the model and a connection for the pressurized air, as shown in Fig. 1b. 
 

The experiments were carried out in the open-return, suction wind tunnel at 
the AME Department of the University of Arizona. The test section is 122 cm 
wide, 85.5 cm high and 355 cm long. The model was mounted on a six-component 
balance using the standard pylon to which a pressurized air tube was attached and 
a separate pitch rod. A stationary false floor (Fig. 1a), 51 cm wide and 182.5 cm 
long was positioned approximately 2mm below the wheels of the model, 39 cm 
above the tunnel floor and starting approximately 30 cm upstream of the model. 

  

  
Fig. 1a Truck model in wind tunnel Fig. 1b Details: mount point and lines 
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Fig. 2a Mounted actuators Fig. 2b Principle of actuator [1] 
 

Active flow control was applied through fluidic actuators shown schemati-
cally in Fig. 2b. They were driven by pressurized air source and emitted oscilla-
tory jets in the direction of streaming. For these actuators the frequency of the os-
cillations depends on the supplied flow rate and cannot be changed independently. 
It varied approximately between 1 and 2.5 kHz for the investigated range of Cμ.  
 

  
Fig. 3a Ellipsoid Fig. 3b 30o arc sector 
 

  
Fig. 3c Inner flaps, all sides Fig. 3d Inner flaps, top and sides 
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Fig. 3e Outer flaps, top and sides Fig. 3e Long flap 
 

The main attraction of these actuators is their simplicity because they do not 
require moving parts and they proved themselves in laboratory tests associated 
with aeronautical applications. Five equally spaced actuators were mounted on 
each side at the very end of the trailer. The distance between the outer surface of 
the trailer and the center plane at which the jets oscillated, was approximately 6% 
of the width of the trailer, as shown in Fig. 2a. 
 

In the first series of experiments various simple modifications to the trailer 
were investigated with the focus being on additions that will not impede the utility 
of the fundamental trailer design. Two different solid (closed) bodies were at-
tached to the model. A three-dimensional ellipsoid of 100mm length with rectan-
gular base (Fig. 3a), and a two-dimensional body formed by a 30° circular arc sec-
tor with its radius equal the vertical distance between the actuators (Fig. 3b). Both 
bodies filled the entire area between the actuators.  

 
Five different types of flaps mounted onto the trailer’s aft surface were inves-

tigated. A single long flap was formed by a sheet metal, 100mm long (the vertical 
distance between the actuators) and attached right below the top actuators at an 
angle of 20° to the horizontal, filling the entire horizontal space between the ac-
tuators shown in Fig. 3f. The other four configurations consisted of flaps either 
mounted flush with the outside surfaces, thus surrounding the actuators on the out-
side, or being mounted onto the trailer’s aft surface and being surrounded by the 
actuators (Fig. 3d & e). The inclination of these flaps to the trailer’s walls was 
20°.  
 

Two variations of these flap configurations were tested: first with flaps and 
active actuators on all four sides of the trailer and second with the bottom flaps 
removed and bottom actuators inactive (Fig. 3f). All configurations were investi-
gated at three different Reynolds numbers and at four different momentum coeffi-
cients. The model was aligned parallel to the free stream in all cases. 
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Results 

The drag coefficient of the basic configuration (without aft bodies) was ap-
proximately, CD=0.62. This value varied little with Reynolds numbers over the 
range of Re considered. The various additions to the baseline configuration re-
duced the drag by 2-4% at the higher Re range, with the exception of the long flap 
that was suspended from the roof of the trailer and pulled air upward from the 
ground region into the wake of the trailer increasing the drag in that fashion by 
approximately 1-1.5% as shown in Fig 4.  
 

The drag measured at different levels of actuation emanating from the entire 
circumference of the trailer’s base is shown in figure 5. The jet momentum, or 
rather the thrust that was measured in the absence of external stream was added to 
the drag and the result was normalized by the particular baseline configuration of 
the appropriate geometrical addition at the Reynolds number at which the experi-
ments were carried out. This normalization presumes that the same amount of 
compressed air could be used for jet propulsion and in the absence of deleterious 
interference one should recover the input momentum as thrust. Such thrust is also 
dependent on the velocity of the vehicle but this was not considered presently and 
thus the results may be somewhat pessimistic. Nevertheless any value that is lower 
than unity in Fig. 5 represents a net benefit to the system. Unfortunately the spe-
cific installation of the actuators around the periphery of the trailer’s aft did not 
reduce the drag sufficiently to justify the momentum input. 
 

 
Fig. 4 The drag of a modified trailer relative to its basic configuration 
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In order to affect the base flow, the flaps or center-bodies were surrounded by 
the actuators generating a substantial discontinuity in the surface (backward facing 
step) around the circumference of the trailer’s base. This arrangement was not 
conducive to drag reduction. For this reason one set of flaps was set flush with the 
trailer’s sidewalls (see Fig. 3e) and although the actuation could only affect the ex-
ternal stream downstream of the flap’s trailing edge its presence was somewhat 
beneficial provided the momentum coefficient, Cμ < 2%. In fact relative to the 
truck’s original drag the reduction is in excess of 4% provided the alternative use 
of the momentum coefficient is not considered.  
 

 
Fig. 5 The effect of four-sided actuation on the drag 

 
The thrust was measured in the absence of an external stream and thus the 

penalty of considering it that way is too high and the results presented are overly 
pessimistic. Additional evidence for this pessimism is provided below in Fig. 7. 
Large differences in momentum recovered as thrust were observed for the differ-
ent configurations shown in Figs. 5 and 6. A simple flow visualization study using 
tufts revealed that close to the center span or mid height of the trailer, the flow is 
deflected clearly inwards (Figs. 7b and d). This is caused by the entrainment of 
ambient fluid by the oscillating jets and is most visible in the absence of an exter-
nal flow. In contrast, next to the corners of the trailer, the flow is jetting outwards 
(Figs 7a & c). This is easily explained by the oscillating jets from the top and one 
of the sides that intercept one another near the corner at an approximate angle of 
90o. This forces the flow away from the trailer, widening its wake and increasing 
the drag. This effect was also observed in the presence of the external flow at 
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different Re with different values of Cμ used. It is caused solely by the non-
optimized positions of the actuators in combination with the direction of oscilla-
tion of the emitted jets. 

 

 
Fig. 6 Effect of actuator location 
 

In order to test if the outflow from the corner has any effect on the drag the 
bottom flap that was interior to the actuators had been removed and the actuation 
was limited to the three remaining sides. At low momentum coefficient some 
benefit was drawn from the removal but it disappeared at higher Cμ (see Fig. 6). 
 

  
Fig. 7a Top right corner, side view Fig. 7b Top center, side view 
 

  
Fig. 7c Top left corner, top view Fig. 7d Left center, top view 
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Concluding Remarks 

The drag of a semi-trailer truck model was reduced by added aft bodies by up 
to 5.5% depending on the shape and size of the added body and the Re. When ac-
tive flow control was added, its contribution to this reduction was minor. The 
maximum reduction obtained by active flow control was approximately 1% for the 
short flaps that were inclined at 20o to the sidewalls and the top of the trailer.  
 

One important factor of the low effectiveness of the actuation is due to the fact 
that the actuators close to the corners are interfering with one another, forcing the 
jets away from the truck into the free stream and thus increasing the (local) drag.  
 

Another, possibly more important, factor is the orientation of the jets. An in-
clination of the jets towards the axis of the truck should in every case be benefi-
cial. This was impossible to implement using them as add-ons on a small-scale 
model. Additionally, the length of the attached bodies/flaps should be optimized 
with respect to the formation of the streamwise vortices. 
 

It seems that the structure of the wake behind the lower part of the trailer has a 
significant impact on the overall performance of the drag-reduction system. The 
investigated flap configurations generated significantly different results concern-
ing effectiveness. Therefore detailed visualization studies of any modification are 
necessary for better understanding of the near wake and optimization of added 
bodies and active flow control.  
 

In general, actuators providing streamwise vortices in the wake of a truck by 
oscillatory jets seem to be promising for reducing its drag, especially when the 
simplicity and robustness of the investigated actuators is considered.  
 

In view of the preliminary nature of this experiment and the lack of any opti-
mization, these results are quite promising. The interaction with the stationary 
“ground” surface has to be considered, proper flow diagnostics have to be used 
and finally the construction of actuators that are embedded conformally in the sur-
face should be undertaken.   
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Abstract   Aerodynamic drag is the cause for more than two-thirds of the fuel 
consumption of large trucks at highway speeds. Due to functionality considera-
tions, the aerodynamic efficiency of the aft-regions of large trucks was tradition-
ally sacrificed. This leads to massively separated flow at the lee-side of truck-
trailers, with an associated drag penalty of at least a third of the total aerodynamic 
drag. Active Flow Control (AFC), the capability to alter the flow behavior using 
unsteady, localized energy injection, can very effectively delay boundary layer 
separation. By attaching a compact and relatively inexpensive “add-on” AFC de-
vice to the back side of truck-trailers (or by modifying it when possible) the flow 
separating from it could be redirected to turn into the lee-side of the truck, increas-
ing the back pressure, thus significantly reducing drag. A comprehensive and ag-
gressive research plan that combines actuator development, computational fluid 
dynamics and bench-top as well as wind tunnel experiments was performed. The 
research uses an array of 15 newly developed Suction and Oscillatory Blowing ac-
tuators housed inside a circular cylinder attached to the aft edges of a generic 2D 
truck model. Preliminary results indicate a net drag reduction of 10% or more. 

1. Scientific background 

Active flow control (AFC) is a fast-growing, multidisciplinary science and 
technology thrust aimed at altering a natural flow state into a more desired flow 
state (or path). Flow control was simultaneously introduced with the boundary 
layer concept by Prandtl [1] at the turn of the 20th century. In the period leading to 
and during WW II, as well as in the Cold War era, flow control was extensively 
studied and applied mainly to military fluid related systems. Though the fluid me-
chanics aspect can be robust, steady-state flow control methods were proven to be 
of inherently marginal power efficiency, and therefore limited the implementation 
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of the resulting systems. Unsteady flow control using periodic excitation and util-
izing flow instability phenomena (such as the control of flow separation [2]) has 
the potential of overcoming the efficiency barrier. Separation control using peri-
odic excitation at a reduced frequency of the same order, but higher than the natu-
ral vortex shedding frequency of bluff bodies (such as an airfoil in post-stall or a 
circular cylinder), can save 90% to 99% of the momentum required to obtain simi-
lar gains in performance compared to the classical method of steady tangential 
blowing [2].  The feasibility of increasing the efficiency and simplifying fluid re-
lated systems (e.g., for high-lift, [3-4]) is very appealing. This becomes even more 
appealing if one considers that 1% saving in the fuel consumption of the US fleet 
of large trucks (about 8 million trucks in 2004, [5]) is worth about $1.5 Billion per 
year, while the environmental and political effects are difficult to quantify. The 
progress in miniaturization, actuators, sensors, simulation techniques and system 
integration enables the utilization of wide bandwidth unsteady flow control meth-
ods in a closed-loop AFC (CLAFC) manner. See Collis et al. [6] for a comprehen-
sive review of the subject. Experimental demonstrations are required to close the 
gap between the current theoretical understanding, the computational capabilities 
and real-world problems. The described study brings together AFC expertise, spe-
cifically actuator development and implementation for separation control, closer to 
real-life industrial applications. 

The essential ingredients of an active separation control system, packaged as 
an “add-on” device that will be attached to the rear-end of large truck trailers, in 
order to reduce the aerodynamic drag by about 20-30% were recently completed 
and will be presented in the following sections. At highway speeds, the aerody-
namic drag is responsible for roughly 65% of the fuel consumption, making the 
potential fuel saving about 15-20%. There has been considerable effort in the US 
to reduce the fuel consumption of trucks using shape changes, simple add-on de-
vices and steady state AFC methods [7], but those have inherent limitations and 
can lead to only half the expected benefit of our suggested method. Hsu et al. [7] 
cite several research efforts focused on truck-trailer drag reduction. Adjustable in-
clination flat plates could be attached at the truck lee-side. These could reduce 
drag but are rather large, heavy and expensive. Their size raises functionality and 
compatibility issues. Periodic excitation was also mentioned in [7] but that re-
search effort did not progress far. Steady blowing [8] was also applied to a modi-
fied aft-region of a truck-trailer and resulted in significant aerodynamic drag re-
duction, but at a marginal to zero or mostly negative energy efficiency due to 
reasons identified already by our research group [2]. It is expected, and substanti-
ated by preliminary CFD analysis and experimental efforts already performed [9, 
10], that the combination of steady suction and pulsed blowing could overcome 
the above identified efficiency barrier. 

The current study is aimed at applying active flow control (AFC) technology 
as an “add-on” device attached to the aft-body of heavy-trucks and tractor-trailer 
configurations. The TAU-developed Suction and Oscillatory Blowing (SaOB) 
AFC actuators are used for drag reduction of heavy ground transportation systems. 
The above fluidic device is a combination of an ejector (jet-pump) and a bi-stable 
fluidic amplifier that was recently thoroughly studied and published [11, 12]. The 
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study is assisted by computational fluid dynamics (CFD) effort to narrow the huge 
parameter space. After completing the actuator development and adaptation to the 
speed range relevant to trucks, three stages of experiments were performed on a 
circular cylinder, the generic bluff-body [9, 10]. These studies resulted in a sig-
nificant reduction of drag due to delay of boundary layer separation. A wide range 
of boundary conditions were tested and only the common results to all conditions 
were considered as valid. Successful wind tunnel demonstration on a two-
dimensional (2D) equivalent of a blunt truck-trailer model was subsequently per-
formed and is the main subject of the current paper. This stage is to be followed 
by a complete, small-scale, truck model with drag reducing devices and a full 
scale prototype of the “add-on” device for road testing will follow. The technol-
ogy could lead to a revolutionary aerodynamic drag reduction of heavy road vehi-
cles and could lead to new efficiency levels of aeronautical systems as well. The 
current research is especially appealing since it provides a valuable contribution to 
a slower production of “Green house” gases. 

 
Fig. 1 A cross section of the 2D “truck” model, H=450mm, L=1250mm and its width, 
b=609mm. No control cylinders. Y=0 is the simulated road level, when present. 

2. Description of the experiment 

The experiments were performed on a generic 2D equivalent model of a large 
truck, along the lines of the GTS model [13]. Figure 1 shows a cross section of the 
model, showing also the location of the 43 pressure taps. The model height (H) is 
450mm and its length is 1250mm. It spans the entire width of the wind tunnel test 
section, b=609mm. The model is made of aluminum beams and ribs and a skin of 
2mm thick aluminum plates. The significant interference with the wind tunnel has 
not been taken into account in any manner. However, during the 2D truck experi-
ments the ceiling static pressures were measured and could be used for evaluation 
of the wind tunnel interference with the use of future CFD effort. It is argued that 
since the flow accelerates more around our model, with respect to free flow condi-
tions, the AFC results are conservative since the AFC effects are proportional to 
the flow linear momentum at the separation points. For control purposes, one or 
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two circular cylinders were attached to the aft region of the truck model. The cyl-
inders were 76.2mm diameter and spanned the 609mm of the wind tunnel. The 
cylinders were installed such that were tangent to the aft body corners and ex-
tended one radius behind the aft plate line, their centers one radius below the up-
per cover plate or above the lower cover plate (see Fig. 7a with only the upper 
control cylinder sketched). The upper control cylinder was installed with an array 
of 15 SaOB actuators, as described in [9, 10]. An array of 96 suction holes with 
diameter of 2mm and spacing of 6mm were drilled in the cylinder. The wall thick-
ness was close to 10mm, so the flow resistance was high. The flow was sucked 
into the cylinder by the ejector that is part of the SaOB actuator. The entire flow 
rate (the sum of the inlet and entrained-sucked flow) was ejected alternately out of 
two tangential, 1.7mm high, pulsed blowing slots connected to each actuator. Each 
actuator was 28mm wide and it controlled about 40 mm of the span of the cylin-
der. The lower control cylinder was used only for steady suction and was con-
nected to an external suction pump. It had two staggered rows of 96 holes 2mm 
diameter each, spaced 7.5 deg apart along the cylinder arc (Figs. 10a and 10b). 

A simulated road was placed under the 2D truck in some of the tests. The 
plate, with rounded leading edge positioned 67 cm upstream of the model, was 
280 cm long, 4 mm thick, and extended 90 cm behind the model. A 3D wake rake 
was positioned 120 cm downstream of the model. It measured 29 total pressures 
and 2 static pressures, one close to each side-wall. The wake rake was mounted on 
a Y-axis traverse allowing vertical motion, with typical grid resolution or 20-
25mm in the wake scans. 

The experiments were performed in the Meadow-Knapp low-speed wind tun-
nel. The speed range is 4-60m/s, the turbulence level is about 0.1% and the test 
section dimensions are 1.5m (high) by 0.61m (wide) and 4.25m long. Pressures 
were measured by a PSI Inc. pressure scanner with 128 ports at a resolution of 
0.001psi. Tunnel dynamic pressure was measured by a Pitot-Prandtl tube, posi-
tioned 110cm upstream of the model leading edge on the tunnel ceiling, connected 
to a Mensor pressure transducer (10” water full scale and resolution of 0.06%). 
The Reynolds number was monitored to 1% tolerance and dynamic pressures were 
also measured on the model aft region, to identify unsteady effects. The tunnel 
temperature was 24±2ºC. Air density and viscosity were calculated using standard 
formulae and the ambient temperature and pressure. 
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3. A brief review of recent related work 

3.1 Suction and Oscillatory Blowing (SaOB) Actuator 

The development of the SaOB actuator [11, 12] and its utilization for drag re-
duction on the circular cylinder (currently used as the aft-upper control device), 
were reported elsewhere [9, 10]. However, for the sake of completeness and due to 
the time-lag until these studies would become publicly available, some of the re-
sults are cited and discussed here. 

 The Tel Aviv University (TAU) suction and oscillatory blowing (SaOB) actua-
tor was invented in October 2003, patented [14] and recently completed a two year 
study. Several size actuators were developed. A theoretical model for the valve op-
eration was validated [11, 12]. Small size devices, suited for the current application 
with minor adjustments, were also developed and validated [9, 10]. A cross-section 
of the actuator can be seen in Fig. 2a and a sketch explaining the principle of opera-
tion is shown in Figs. 2b and 2c. The actuator is a combination of a bi-stable fluidic 
oscillator connected downstream of an ejector (“jet pump”). The purpose of the 
ejector is to create a suction flow, by increasing the flow entrained into the valve. 
Suction is probably the most efficient flow separation control method [15], but is 
difficult to generate efficiently. It has been shown that the ejector is indeed increas-
ing the flow rate by a factor up to three with its entrances unrestricted. To create 
self-oscillations, the two control ports (Figs. 2a and 2c) were connected by a short 
tube, without any moving part or energy expenditure. The tube was later replaced 
by an S-shaped channel machined in a plate on which all the actuators were in-
stalled (referred hereafter as “mounting plate”). The SaOB actuator has a wide and 
appropriate frequency range (0.1 to 1.4 kHz) depending on the nozzle shape, the 
length of the feedback tube and the inlet flow-rate [11, 12]. Near-sonic actuator exit 
velocities have been measured, but currently the exit velocities are of the same or-
der as the free-stream velocities. The inlet flow rate is controlled by a pressure regu-
lator connected to shop air supply, to be replaced by the truck pneumatic system, by 
flow extracted from the truck turbocharger or by an auxiliary system connected 
electrically or mechanically to the rear wheels. The valve operation is insensitive to 
rain or dust conditions. 
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Fig. 2a Small size suction and oscillatory blowing actuator. Overall length is about 60mm 

 
Fig. 2b,c A schematic rendering of the SaOB actuator: (b) ejector (c) 
  

 
Fig. 3 Valve exit velocity profiles for three different tube diameters (maximum velocity = solid 
lines; minimum velocity = dashed lines; p(inlet)=6 [psi]) measured with Hot-Wire-Anemometry; 
(right) Slot configuration drafted. Length of control tube, 80mm 
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During the course of the study reported in [9, 10], there were several cycles of 
modifications to the valve design. The main objective was to fit the valve into the 
cylinder while minimizing the pressure drop across it. This was achieved by redes-
igning the ejector nozzle to have a short converging-straight geometry and short-
ening the mixing chamber between the ejector and the oscillator to the minimum 
possible (Fig. 2a).  

Following these modifications the valve was bench-top tested, initially only 
with exit restrictions, simulating the assembly in the control cylinder. Figure 3 
shows the maximum and minimum flow velocity out of a single SaOB actuator 
with an exit assembly simulating the conditions that will prevail in the “add-on” 
device as well as in the control cylinder at half scale. The exit velocities were 
measured by a hot wire that was traversed along the exit slot. The cross section of 
the feedback tubes (all with L=80mm) was altered during those tests. It can be 
seen that the cross section of the feedback tube has a strong effect on the oscilla-
tion frequency. It has a weaker effect on the switching quality, defined as: 

3.2 Circular Cylinder with the SaOB Actuator Array 

The 15 valve array was mounted on a plate, providing inlet pressure to all the 
valves, feedback for each valve self-oscillation and synchronization tubes between 
the valves. The cross section of the feedback tubes was 5.7mm2 and their length 
was maintained at 80mm. The reader is referred to [9, 10] for more details. Figure 
4 shows the velocity (a) and frequency (b) of oscillation of an actuator array in-
stalled in the circular cylinder and tested on the bench-top set-up. The valves were 
not all synchronized, the frequencies of the central 13 valves deviated by no more 
than 10% and the peak velocities deviated by a maximum of 20%. These results 
deemed sufficient to go ahead and test the valve array for the purpose of the cylin-
der and later the 2D truck model drag reduction while it is planned to continue 
improving the uniformity of the magnitude and frequency and the synchronization 
between the different valves.  
 

averageU
UU minmax −=κ . 
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Fig. 4 Measurement of the output of a 14-valves array installed in a circular cylinder.  
(a) velocity, (b) frequency 
 

The combination of oscillatory blowing and steady suction has never been 
tested before this project, but both methods are known to be very effective for the 
control of boundary layer separation [15]. A significant body of knowledge has 
been acquired by [9, 10].  These experiments established the drag reducing capa-
bility of steady suction through a 2D slot and later an array of holes in a wide 
range of boundary conditions. The data set also established that a 15 deg delay in 
separation region on the circular cylinder at Re=100,000 and Re=150,000 (associ-
ated with the target highway driving speeds) is possible with suction magnitude of 
about half the free-stream velocity. This enabled the definition of the configura-
tion shown on the right side of Fig. 5. The suction holes are located 15 deg up-
stream of the pulsed blowing slot. The array of 15 SaOB actuators is mounted 
inside the 76.2mm diameter cylinder. Inlet flow is provided via common channel 
feeding all the ejectors’ jets. These create low pressure in the half cylinder to the 
left of the valve-array, sucking flow through the holes. The entire flow is then 
ejected through the pulsed-blowing exit slots. The oscillation frequencies are in 
most cases larger than the natural vortex shedding frequencies on a circular cylin-
der at the current velocity range and significantly higher than the truck vortex 
shedding frequency. 

Three series of wind tunnel experiments were performed on the circular cylin-
der (shown in Fig. 5, [9, 10]). 
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Fig. 5 The cylinder Setup with the suction holes (red) and the tangential slot (light blue) installed 
at the Meadow-Knapp Wind Tunnel (left), and a sketch of the experimental setup with the array 
of 15 SaOB actuators installed in the cylinder, the mounting plate for synchronization and pres-
sure supply (right, light blue circle). The arrows indicate the path of the suction flow. 
 

Figure 5 shows the experimental set-up of the cylinder in the Meadow-Knapp 
wind tunnel and a cross section of the 15-valves actuator array as installed inside 
the cylinder. 

The cylinder was tested and a sample of the drag reduction data is presented in 
Figure 6 below. 
 

 
Fig. 6 Cylinder drag coefficient (CD Betz – wake rake survey with static pressure correction) ver-
sus Suction Position (0 deg is the summit of the cylinder) in “free” (no truck model) laminar 
flow conditions; measured with Steady Suction and Oscillatory Blowing Actuation for two Rey-
nolds numbers and different amplitudes (left) Red=100k (right) Red=150, blowing cavity is lo-
cated Δα=15 Deg downstream to the suction holes. VR is the velocity ratio between the suction 
and free-stream velocities. 
 

The data shown in Fig. 6 indicates a drag reduction from about 1.1 to about 0.7, 
or a relative drag reduction of about 35%. This is obtained when the suction holes 
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are located at about 110 deg (relative to the free-stream direction) on the cylinder 
and the pulsed blowing slot at are positioned 15 deg downstream (at about 125 
deg), where 90 deg is the summit of the cylinder. The energy efficiency of this 
drag saving, which was measured at flow velocity comparable to the highway 
speed of trucks indicates net positive energetic efficiency [9, 10]. For the acquisi-
tion of all the data presented below, net energy efficiency was the prime consid-
eration. As shown in Fig. 7a, the add-on device will have a shape that resembles a 
-semi- to quarter-cylinder attached to the back side of truck-trailer. The advantage 
of having a complete cylinder at this stage of the study is the capability to conven-
iently alter the actuation location, which is shown to be very sensitive on the 
“free” cylinder (Fig. 6) and also in the “truck” results to be presented later in the 
paper. 

3. Two dimensional (2D) truck experiments 

3.1 Two dimensional (2D) truck with SaOB cylinder at upper- aft 
corner 

Figure 7a shows a schematic cross-section of the 2D truck model, with the 
SaOB cylinder installed on its back-upper corner. Figures 7b and 7c present pic-
tures of the model installed in the Meadow-Knapp wind tunnel, above a simulated 
road. The vertical distance between the model and the floor was allowed to in-
crease from 50 to 55mm in order to compensate for boundary layer growth. It was 
validated that the boundary layers did not restrict the free-flow under the model. 
Wheels or moving floor were not used. These effects seem secondary since most 
of the effort was spent on the upper aft corner, least effected by the wheels or 
simulated road, moving or stationary. However, the mere presence of the simu-
lated road is essential for simulating a side-view of the truck driving on a road. 
Several 50mm wide roughness strips (grit #60) were placed on the top and bottom 
plates of the truck model, to reduce Reynolds number effects. Figure 7d presents a 
close-up view of the cylinder. An array of 96 holes with 2mm diameter was posi-
tioned 15 deg upstream of a 1.7 mm (nominally) wide slot. The slots allowed al-
most tangential-downstream directed introduction of the pulsed blowing excita-
tion. Each actuator controlled a span of about 40mm with two exits, as shown 
schematically in Fig. 3 (insert). The trailing-edge of the top and bottom cover 
plates were machined to create a back-step no thicker than 0.5mm, allowing a 
smooth transition of the flow from the covers to the cylinders.  
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Fig. 7 The 2D truck model: (a) cross section (flow is coming from left to right); (b) front view 
showing the model installed in the tunnel 50-55mm above the simulated road; (c) a rear view 
showing the back plate and SaOB instrumented cylinder on the top-rear edge; and (d) close-up of 
the row of  96, 2mm suction holes and 1.7mm wide pulsed blowing slot on the cylinder (that was 
allowed to rotate for optimal actuation locations). 
 

Of major importance was the determination of the optimal holes/slot location. 
Note that at this stage of the investigation the angular distance between the suction 
holes and pulsed blowing slots was fixed, 15 deg, based on the results of [9, 10]. 

The drag of the 2D truck model was calculated from the integration of the 
pressures around the model and from a 3D wake survey performed 1.2m behind 
the model. The wake flow was found to be quite 2D and the agreement between 
the two methods of drag evaluation was better than 2%, in most cases and in the 
absence of the simulated road. The drag reduction magnitudes were similar when 
evaluated either with the wake integration method or from the pressure drag. The 
aft-body “add-on” device was tested as a circular cylinder, due to the larger size 
and ease of installation of the 15 SaOB valve array inside it. A secondary major 
consideration was the capability to rotate the cylinder, bringing the holes/slot to an 
optimal location. 



126      A. Seifert et al. 

Figure 8a shows the form-drag of the 2D truck model with the SaOB cylinder 
installed at the upper-aft corner. The addition of the passive control cylinder at the 
aft-upper corner had a drag reducing effect of about 5% with respect to the base-
line configuration shown in Fig. 1. The slot was just exposed when its location 
was 90 deg. With the control cylinder present but when the slot was hidden, 
Cdp=0.99±0.01. The passive effect of the slot, and its associated discontinuity, 
can be seen by the drag increase between 85 and 105 deg. At larger slot locations 
the drag returns to its undisturbed value, with a possible drag penalty of 0.01-0.02. 
At slot positions greater than 105 deg both slot and suction holes are open. Also 
shown on Fig. 8a are results of different levels of control applied by the array of 
SaOB actuators, with increasing level of input pressures, as indicated in the leg-
end. A significant drag reduction develops in the range of tested pressures, up to 
0.5Bar. An optimal holes/slot location can be identified around 130-132.5 deg, 
slightly increasing with the magnitude of the control authority. These results were 
obtained with a simulated road, similar to a truck with control applied only from 
the top-aft edge. It was later found that adding a second control cylinder at the 
lower-aft edge, with simulated road did not provide additional drag-reducing ef-
fect. 

 

 
Fig. 8a The effect of the SaOB actuation on the drag of the 2D truck model at U=25m/s for dif-
ferent actuation levels indicated by the inlet pressures. The actuation location is altered via cyl-
inder rotation, where 90 deg is the cylinder – upper plate junction. 



Large Trucks Drag Reduction using Active Flow Control      127 

 
Fig. 8b The effect of the SaOB actuation on the required power to propel the 2D truck model at 
U=25m/s for different actuation levels indicated by the inlet pressures. The actuation location is 
altered via cylinder rotation, where 90 deg is the cylinder – upper plate junction. Reference 
power is about 2.57kWatt. 
  

Despite the apparent capability of increased levels of inlet pressure to provide 
further drag reduction, one should consider the energy cost of the control input, 
since our aim is a reduction in fuel consumption and therefore total invested power 
should be a prime consideration. The net power saving was calculated according 
to: ηρ iid QPCSUsavedPower −∆= ∞

35.0 . Where ρ is the air density, 
U∞=25m/s is the free-stream velocity, S=0.61x0.45m2 is the 2D truck cross-
section area, dC∆  is the drag reduction at the same holes/slot position with 
respect to the baseline uncontrolled condition. The control power was taken as the 
product of the inlet pressure (Pi, measured at the supply line) and the inlet flow 
rate (Qi, measured by an orifice flow meter at the pressure regulator and 
neglecting the effect of the larger static pressure on the flow rate, making the 
actual flow rates smaller by 5-20% than those currently cited depending on the 
excess pressure). The pumping efficiency,η , was taken as 75%, as is in many 
common low-pressure compressors. In reality the control flow was provided by 
the lab shop air through a computer controlled pressure regulator. The data 
presented in Fig. 8b shows a rather insensitive (to the inlet pressure) peak power 
saving of around 130 watts for inlet pressures of 0.02-0.025MPa. With either 
lower or higher pressure levels, the power efficiency decreases. 
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Fig. 9a The effect of the SaOB actuation on the baseline and controlled drag of the 2D truck 
model vs. the height Reynolds numbers for fixed actuation level. The actuation location is: 
pulsed blowing slot at α=130°, suction holes at α=115°, Pin=0.025 MPa, Qin=2.8 Lit/s where 
90 deg is the cylinder – upper plate junction. 
 

 
Fig. 9b The net flow power saved and equivalent “fuel” saving of the controlled 2D truck model 
vs. the driving speed for fixed actuation level. The actuation location is: pulsed blowing slot at 
α=130°, suction holes at α=115°, Pin=0.025MPa, Qin=2.8 Lit/s where 90 deg is the cylinder – 
upper plate junction. Same Re range as Fig. 9a. 
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While the data presented in Figs. 8a & b was obtained at a fixed free-stream 
velocity of 25m/s, it is important to evaluate the effectiveness of the drag re-
ducing technology over the entire range of free-stream velocities, or driving 
speeds. Furthermore, this was done with one actuation condition, allowing the 
system just to be turned-on or off with no proportional control, for simplicity. 
Figure 9a presents form-drag data for the 2D truck model, with one upper con-
trol cylinder, the SaOB array installed on the upper-aft edge of the 2D truck 
model (as shown in Fig. 7a). Simulated road was present in this experiment. 
The drag slightly increases, from 0.98 to 1.02 with Re (based on the model 
height and the free-stream velocity) increasing from about 200,000 to about 
1,000,000. Note that at the larger Re range the drag reaches a plateau. This Re, 
based on the height of the model, is considered minimal for Reynolds number 
free results. With fixed level of inlet pressure and fixed actuation locations, as 
indicated in the legend and caption of Fig. 9a, one can clearly note a significant 
drag reduction over the entire Re range. It is only natural to expect that the 
magnitude of the drag reduction will decrease as Re increases, due to the rela-
tive decrease between both the suction and pulsed blowing magnitudes when 
normalized by the free-stream velocity. Clearly aerodynamic drag reduction of 
about 20% is possible at low speeds, decreasing to about 5% at the highest 
speeds considered operational and legal for large trucks in the US highway sys-
tem. 

While the drag reduction is of interest, the power efficiency is our prime 
motivation. Figure 9b shows the net power saved and the percentage of net 
power saving. The latter is equivalent to about twice the expected fuel saving 
after considering friction resistance and wind averaged performance. 

One can note a 45Watts power saving at 45MPH increasing to 180 watts 
saved at 75MPH. These power savings translate to more than 3.5% power sav-
ing at speeds between 45 and 55 MPH. At larger speeds the aerodynamic 
power saving (taking into account the invested power in the actuation system) 
saturates at about 2.8%. Considering that at these speeds (above 60 MPH) two 
thirds of the power is invested in overcoming aerodynamic drag, the equivalent 
net fuel savings is about 1.9%. While these numbers might appear small, they 
are still significant. The inlet pressure was optimal at about 50 MPH, so larger 
control authority would shift that peak to higher speeds, depending on the tar-
get speed range. Furthermore, the obtainable drag reduction due to the applica-
tion of the control on the upper-aft edge with the simulated road present is 
smaller compared to its application on the sides of the truck, as will become 
clear from the subsequent discussion. 
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3.2 Two-dimensional truck with two control cylinders  

 
Fig. 10 (a) A sketch of the 2D truck model with two control cylinders, (b) a close-up rear-view 
of the lower aft-corner control cylinder, and (c) drag reduction due to SaOB array on top aft, 
Suction cylinder on bottom aft corners.(c) The actuation location is: pulsed blowing slot at 
α=130°, suction holes at α=115°, Pin=0.04 MPa, where 90 deg is the cylinder summit. Lower 
cylinder: two rows of suction holes, the 1st at α=-121°, the second at α=128.5°. Lower cylinder 
suction provides the same drag reduction as the SaOB array alone at Re~800,000. (c) Form drag 
coefficient vs. Reynolds number for four states: baseline, only the upper SaOB cylinder is turn 
on, only the lower suction cylinder is on, and both the cylinders are on. 
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To asses the effectiveness of controlling both vertical sides of the aft truck 
trailer, the simulated road was removed and a second control cylinder was 
mounted on the lower-aft edge of the 2D truck model, as shown in Fig. 10a. The 
lower control cylinder was also mounted on a rotary system to allow optimal con-
trol locations. However, for simplicity, cost and time considerations only steady 
suction was applied for the lower control cylinder. It should be noted that suction 
only (lower cylinder) is not as effective as SaOB valves (upper cylinder). Detailed 
comparison of the effectiveness of the two control methods (with suction only and 
with the SaOB valve array) can be found in [9, 10]. The suction was applied from 
two rows of staggered 2mm diameter holes, each containing 96 holes and spaced 
7.5 deg in their angular locations (seen in Fig. 10b). The lower suction holes were 
just exposed for holes location of -90 deg. The same optimization procedure was 
applied to the lower cylinder in order to identify a condition which provides the 
same level of drag reduction that the upper SaOB control cylinder is capable of 
with inlet pressure of 0.04 MPa. This higher pressure level was selected based on 
the results shown in Figs. 8 and 9 and discussed above. 

The data presented in Fig. 10c shows that the baseline-drag of the 2D truck 
model, with two control cylinders and without the simulated road is 0.93±0.01 re-
gardless of the Reynolds number. The two control cylinders, when operated alone, 
can provide significant and similar drag reduction over the entire Re range, with 
the exception of the SaOB control that is more effective at low speeds. This dif-
ference might be associated with the oscillation frequency being somewhat low, 
and therefore optimal for low speeds. When the two control cylinders operate to-
gether, a very encouraging trend can be noted, i.e., that the drag reducing effects 
sum up. The data presented in Fig. 10c demonstrates about 20% aerodynamic drag 
reduction at highway speeds, translated to about 10% net fuel savings on large 
trucks, busses and tractor-trailer configurations. 

A smaller 3D truck model with an array of SaOB actuators is currently being 
tested. Road tests will hopefully be conducted during the second quarter of 2008. 

4. Conclusions and Recommendations 

A comprehensive set of experiments were conducted with the aim of reducing 
the aerodynamic drag of large trucks by 20%. This effort included: (1) develop-
ment, modeling and adjustment of the SaOB actuator to low-speed operation, (2) 
installation of a 15-valve actuator array in a circular cylinder, (3) comprehensive 
wind tunnel testing of the drag reduction effects on the circular cylinder under the 
effect of various boundary conditions, (4) the design and testing of a 2D truck 
model with and without simulated road, with and without control cylinders and fi-
nally (5) evaluation of the energy efficiency of control cylinder(s) drag reducing 
capability. Only stages (4-5) are currently discussed. Two related publications [9, 
10] discuss stages (1-3).  

It was found that the optimal location for introducing the suction through 
holes is about 15-20 deg downstream of the plate-cylinder junction. During the 
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cylinder alone tests it was found that suction with half the free-stream magnitude 
is capable of 15 deg separation delay. Therefore, the pulsed blowing was intro-
duced 15 deg further downstream of the suction holes. One control cylinder posi-
tioned at the upper aft edge of the simulated trailer is capable of about 10% drag 
reduction and more. But if the power invested in the actuation is considered, the 
optimum is obtained at lower fluidic power input, where the aerodynamic drag re-
duction is roughly 6-7%. When two control cylinders were applied in a situation 
simulating a control applied to the two vertical edges of the aft-trailer region, 20% 
drag reduction is possible. This should lead to at least 10% net fuel savings. 

Significant enhancement in power efficiency is expected when scale-up of the 
small-size model will be performed. This should originate from lower resistance 
of the suction holes (due to smaller wall thickness and rounded edges) and a factor 
of 2-4 power saving on the actuators’ ejector due to the larger ejector-nozzle cross 
section. 
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Abstract   As cruise speeds of ground vehicles has risen to as high as 70 miles per 
hour, overcoming the aerodynamic drag has become a significant percentage of 
the total power required. Engines have been increased in power and fuel tanks 
made larger to provide reasonable range between fuel stops. Heavy truck data in 
particular indicate that 2/3rds of the cruise power is needed to overcome drag. This 
paper focuses on reducing drag on class-8 trucks, but the principles can be applied 
to lighter trucks, busses, pick-ups, SUVs, and many other ground vehicles. The 
University of Notre Dame has developed unique actuators that have shown poten-
tial to maintain unseparated airflow around corners. This technology promises to 
reduce drag on ground vehicles thus increase fuel efficiency and gas mileage. This 
paper discusses these actuators and the preliminary wind tunnel tests that have 
been conducted at Notre Dame in 2007. The cost of fuel has risen so rapidly in the 
past few years that drag is now a major contributor to the cost of moving freight 
and consumer goods around the country. The use of these actuators can be applied 
to passenger cars and as well as many other types of ground vehicles. 
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Introduction 

Over the past decade and a half much work has been conducted by the aero-
space industry to control airflow in an effort to reduce the drag, improve handling 
qualities and lower the noise of aircraft. This paper applies that technology to 
ground vehicles. While the speed of ground vehicles is much less than that of air-
craft, aerodynamics has become an important issue in today’s energy-conscious 
world. The amount of fuel needed to move goods across the nation has risen 
sharply, just as the cost of that fuel has exploded. Data generated by the Depart-
ment of Energy, show that 65% of the power required by a class-8 truck when 
cruising at 70 miles per hour is used to overcome aerodynamic drag. A significant 
amount of that drag is caused by (1) base drag, the air separation that occurs 
around the rear of the trailer; (2) gap drag, the drag associated with the area be-
tween the tractor and the trailer; and (3) the under-carriage, the area beneath the 
rig including the tires, the drive system and the structure that is needed to support 
the weight and utility of the rig. 

Reducing the flow separation and momentum losses in these three areas will 
increase the truck’s efficiency, resulting in a reduction of cruise power, fuel con-
sumption and emissions. Figure 1 shows the truck locations where the application 
of Single-Dielectric Barrier Discharge Plasma Flow Control (PFC) could reduce 
drag. 

Fig. 1 Possible locations for PFC application to reduce flow separations and aerodynamic drag 
losses 
 
Mach Zero Associates, a Fort Worth, Texas based, Small Business, has been 
working with the Department of Energy, truck and trailer manufacturing firms, 
truck leasing and operating companies, after-market businesses and the University 
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of Notre Dame to lay the groundwork to reduce this aerodynamic drag and im-
prove the efficiency of long haul trucks. Class-8 Trucks are the large, 18-wheel 
vehicles that move freight around the country, fueling our commerce and provid-
ing an essential service to our nation’s economy. 

The University of Notre Dame’s Center for Flow Physics and Control (Flow-
PAC) has developed the PDF actuator that has the capability of delaying flow 
separation around blunt objects. Test results show a 75-90% reduction in drag by 
incorporating two actuators on a cylindrical object causing the flow to remain at-
tached far longer than expected (Thomas et al. [1]). These actuators use Single Di-
electric Barrier Discharge (SDBD) plasma flow effects to maintain boundary layer 
stability, keeping the airflow attached around the cylinder, reducing the size of the 
wake and significantly decreasing the drag. 

Figure 2 illustrates the flow around a four-inch cylinder with and without PFC 
application. The large wake fluctuations shown in the top photo are associated 
with the Von Karman vortex street that is the standard condition for cylinder 
wakes. In the lower photo, PFC actuators were located at the top and bottom (90° 
and 270° locations relative to the upstream stagnation line) of the cylinder at the 
flow separation locations. These effectively caused the flow over the cylinder to 
remain attached so that the flow pattern appears like that of an airfoil-shaped 
body. As expected, this transformation led to a significant drag reduction. 

 
Fig. 2 Visualization records of the flow over a 4 in. cylinder at ReD = 30,000 without (top) and 
with (bottom) PFC. (From Thomas et al.[1]) 
 

This paper will discuss early analyses and wind tunnel testing that was per-
formed in an effort to determine the extent to which these actuators can reduce 
truck drag, thereby reducing the power required and fuel needed to move cargo 
throughout the country. The results are expected to lead to practical application of 
SDBD Plasma Actuator Flow Control (PFC) technology that is aimed at lowering 
the energy, emissions, power, fuel and turbulent airflow behind a class-8 truck. 
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Much work needs to be done, but the potential of reducing the enormous amount 
of carbon-based fuel that is consumed moving goods across the United States is 
well worth the effort. 

SDBD Plasma Actuator Background 

Based on the work at the University of Notre Dame Center for Flow Physics 
and Control (FlowPAC) over the last 15 years, much is known about the method 
of operation and capability of (SDBD) Plasma Flow Control (PFC). This flow 
control approach has been successful in a number of applications ranging from 
separation control, lift enhancement, drag reduction and flight control without 
moving surfaces [2-10]. A recent review of SDBD plasma actuators was given by 
Corke et al.[11]. 

Figure 3 illustrates the PFC actuator. It consists of two electrodes, one ex-
posed to the air and one covered by a dielectric layer. The electrodes are supplied 
with an a.c. voltage that at high enough levels causes the air over the covered elec-
trode to ionize.  In the classic description, the ionized air is a “plasma”, which is 
why these are referred to as “plasma actuators”. The dielectric layer is very impor-
tant to the design. The charge build-up on the dielectric prevents the discharge 
from collapsing into a constricted arc. 

 
Fig.3 Plasma Flow Control actuator 
 

The ionized air, in the presence of the electric field produced by the electrode 
geometry, results in a body force vector that acts on the ambient (neutrally 
charged) air [12, 13]. The body force is the mechanism for active aerodynamic 
control. If operated properly, there is very little heating of the air.  

The asymmetric plasma actuator design in Fig. 3 produces a body force vector 
that induces a flow that is similar to that produced by a tangential wall jet. The 
mean velocity profile of the flow generated by this plasma actuator design is 
shown in Fig. 4. This accelerates the flow immediately adjacent to the wall. If ap-
plied to a separating boundary layer, it can cause the boundary layer to stabilize 
keeping the flow attached. Because the plasma actuator mechanism is through a 
body force, its effect is additive, namely N-actuators produce N-times the effect. 
Therefore additional actuators placed at stations downstream of a flow separation 
have the potential to maintain an attached flow over large distanced and sharp cur-
vatures. 
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Fig. 4 Mean velocity profiles of the velocity component parallel to the wall (U) of flow induced 
by an asymmetric-electrode SDBD plasma actuator like that illustrated in Fig. 3 in still air.  
(from Post and Corke[6]) 

Motivation 

 
Early analyses of using PFC on blunt bodies and airfoils have shown great prom-
ise in delaying airflow separation and reducing drag. While automobile gas mile-
age has increased over the years, class-8 truck mileage remains basically un-
changed for almost 25 years. Much work has been done by the 21st Century Truck 
initiative that began in 2000, but the use of PFC has not been applied before. Most 
of the efforts that have been incorporated into production are passive shaping. 
These have been applied on the tractor but not on the trailer. There appears to be 
many locations on the tractor and trailer where the use of PFC can help reduce 
drag. In fact, if these actuators contribute as expected, redesign of both tractor and 
trailer may be in order. At this point in the research, most of the attention is being 
placed on after-market additions to existing designs to make them more fuel effi-
cient. 

From DOE documents, [14, 15] in the year 2003 the average class-8 truck 
used 4700 gallons of fuel while driving approximately 30,000 miles. However 
long haul rigs operating on the nation’s freeway system averaged well over 
100,000 miles. If two-thirds of that fuel was used to overcome aerodynamic drag, 
and based on an average diesel fuel cost of $2.50 per gallon, the fuel cost used to 
overcome the drag alone is approximately $30,000 per long haul truck per year. If 
the aft end of the truck trailer accounts for one-third of the total drag, then that 
drag itself contributes approximately $10,000 to the fuel cost per year per truck. 
The same can be said for the drag in the truck-trailer gap and the undercarriage. 
Any decrease in the aerodynamic drag of the tractors and trailers has the potential 
to greatly reduce the cost of operation, and the level of harmful emissions of the 
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trucks on our highways. The question at this point it is how much drag reduction 
can the achieved without impacting the utility of the rig. 

This effort will utilize the approaches for plasma-based flow control from past 
experiments to design a combination of fairings and PFC actuators in strategic lo-
cations on the tractor and trailer to create more effective flow attachment and drag 
reduction. The overall plan is to determine the design parameters for the fairings, 
and the locations and strength of the actuators. Prototypes of these designs will 
then be built and tested in a wind tunnel at the University of Notre Dame. The 
most promising designs will ultimately be selected for tests at full-scale on trucks 
in over-the-road conditions to determine their ultimate impact and practicality. 

Experimental Approach 

The experiments were designed to determine the effectiveness of SDBD 
plasma actuators for turning flow around corners that would be representative of 
the aft edges of a tractor or trailer. Based on the results of the circular cylinder 
tests, [1] significant reduction in drag is possible if flow separations can be re-
duced or eliminated to allow the flow to negotiate sharp corners and fill the wake 
deficit region. The objective was to investigate the use of the plasma actuators to 
turn the flow around different radii. In order to simulate possible conditions on 
trucks, it was important that the boundary layer approaching the radius was turbu-
lent. Therefore the test model consisted of a suspended flat plate of sufficient 
length, with a circular radius at the downstream edge. A schematic of the experi-
mental setup is shown in Fig. 5. The flat plate setup was placed in an open return 
wind tunnel with a 2 foot square cross-section by 6 foot long test section. 

 

 
Fig. 5 Experimental setup for trailing-edge radius plasma actuator flow control. 
 

The flat plate leading edge was located at the entrance to the test section, 
which was just downstream of the wind tunnel contraction. A second contraction 
was added to the leading edge of the plate to prevent flow from going under the 
plate. This was intended to better simulate a larger bluff body (like the aft end of a 
truck trailer). Side plates were used to limit 3-D side effects and maintain a 2-D 
mean flow across the spanwise direction of the flat plate. Two different types of 
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surface roughness were applied to the plate. One was course (No. 8) sand paper 
that was designed to trip the boundary layer to a turbulent state. The other was 
uniformly spaced 0.25 inch high wooden slats that both tripped the flow and pro-
duced rapid thickening of the boundary layer.  

The trailing-edge radii were removable on the flat plate. Three radii were ex-
amined: 2.5 in (6.35 cm), 4.1 in (10.4 cm) and 5.0 in (12.7 cm). These were exam-
ined for three free-stream velocities of 6.6, 16.6 and 33 ft/s (2, 5 and 10m/s). The 
relatively low free-stream speeds were dictated by the ability to perform flow 
visualization, which gave a quick assessment of the degree to which the flow was 
turned by the plasma actuator, as well as the large blockage produced by the plate 
assembly in the test section. 

 

 
Fig. 6 Sample particle flow visualization for 4.1 in radius trailing edge without plasma flow con-
trol. Flow direction is from left to right. 
 

The trailing edges were made by forming 0.25 inch thick Teflon sheets around 
circular mandrels. Teflon was chosen because it has excellent electrical properties 
to act as the dielectric layer between the electrodes in the SDBD plasma actuator. 
By using the whole radius material as the dielectric, the electrodes for the actuator 
could be located anywhere on the radius. The electrodes were made of 0.001 in 
(0.0254mm) thick copper foil tape. Generally, the downstream edge of the ex-
posed electrode (flow side of the radius) was located just upstream of the separa-
tion location. The covered electrode dimension in the flow direction was 1 in (2.54 
cm). The spanwise dimension of the electrodes corresponded to two-thirds of the 
width of the plate, and was centered in the spanwise direction.  

The flow was made visible by introducing particles from a PIV particle gen-
erator part of the way up the second contraction ahead of the leading edge of the 
flat plate. The flow at the leading edge was carefully examined to insure that the 
particle injection did not cause the flow to separate on the second contraction or at 
the plate leading edge. An example of the particle flow visualization is shown in 
Fig. 6 for a 4.1 inch (10.4 cm) radius trailing edge. Here the flow is from left to 
right. It was illuminated by a sheet of light that was projected from the top at the 
spanwise centerline. This is a case without a plasma actuator. The flow is ob-
served to naturally turn part way over the radius. Although there was a systematic 
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pattern to the degree with which the flow would turn as a function of the various 
parameters, the interpretation was felt to be too subjective. Therefore a surface 
flow visualization approach was also used.  

A technique that visualized the flow on the surface of the trailing-edge radius 
was used to quantitatively determine the angle at which the flow separated. This 
technique involved applying a thin layer of an oil and china-white particle mixture 
that evaporated over time. The mixture was applied with the wind tunnel off. The 
tunnel was then quickly brought up to the set velocity. The liquid mixture was 
transported over the surface in response to the local surface shear stress vectors. 
After some time the liquid evaporated leaving the white particles in their final lo-
cations. The separation line was clearly visible from this technique. It was re-
corded by measuring around the circumference from the junction of the trailing-
edge radius and the flat plate to the line of flow separation.  

The approaching boundary layer was documented using a pitot-static probe at-
tached to a motorized traversing mechanism. Examples of the mean profiles are 
shown in Fig. 7. These profiles were taken at the junction between the flat plate 
and the trailing-edge radius. The profiles are for the sand paper tripped boundary 
layer labeled “smooth”, and the wall that was covered with the 0.25 inch wood 
slats, labeled “rough”, at the highest free-stream speed of 33 ft/s (10 m/s). The 
boundary layer thickness for the “smooth” case is approximately 1.6 inches (4 
cm). The “rough” wall increases the boundary layer thickness by approximately 
60 percent at the downstream location. This is sufficient to investigate any influ-
ence of the boundary layer thickness on the ability of the plasma actuator to turn 
the flow around a radius.  

 

 
Fig. 7 Mean velocity profiles take at the junction between the flat plate and the trailing- edge ra-
dius for the two roughness conditions (sand-paper trip labeled “smooth”) and the 0.25 inch wood 
slats (labeled “rough”). 
 

The effect of the plasma actuator voltage on the flow turning angle was inves-
tigated for the different parameters including the three radii and three velocities. 
An example of particle flow visualization images is shown in Fig. 8. This corre-
sponds to the 4.1 in (10.4 cm) radius at the free-stream speed of 33 ft/sec (10m/s). 
The baseline (0 volts) indicates that there is a small amount of turning of the flow 
that occurs naturally. The plasma actuator was then located just upstream of that 
location. With the plasma actuator operating, the images clearly show an increase 
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in the angle of turning of the flow over the trailing edge radius as the voltage input 
to the actuator increases. 
 

 
Fig. 8 Particle flow visualization showing the effect of plasma actuator voltage on the flow turn-
ing angle with 4.1 inch trailing edge radius 
 

As previously mentioned, it was felt that the particle visualization was not suf-
ficient to quantitatively indicate the turning angle of the flow. This was especially 
true at the higher velocity where there was considerable mixing of the separated 
shear layer. Therefore the surface flow visualization was used.  

The surface visualization left a clear impression of the separation line on the 
trailing edge radius. Based on this, we defined a separation length, xs, as the dis-
tance along the circumference from the junction of the flat plate and the start of 
the radius to the separation location. Figure 9 illustrates this separation length. 

 

 
Fig. 9 Schematic showing the method of measuring the separation length, xs 
 

The separation distances, xs, for the three radii as a function of the plasma ac-
tuator input voltage at the three free-stream speeds are shown in Fig. 10. The dif-
ferent freestream speeds are indicated by the different symbols. For any given ra-
dius, the change in xs is more a function of the plasma actuator voltage than the 
free-stream speed. Therefore we chose to fit a curve through the average of the 
values of the three free-stream speeds. For all three radii, the best fit curve relating 
the separation length to the actuator voltage was a straight line. Extrapolating the 
straight lines to the 0 kV actuator voltage gives the natural separation lengths for 
the three radii. 
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Fig. 10 Separation length, xs, for three radii as a function of the actuator voltage for three free-
stream speeds 
 

The separation lengths can be converted into turning angles of the flow by in-
corporating the trailing-edge radius, namely, θ = xs/r. The flow turning angles, θ, 
that were converted from the xs values plotted in Fig. 10 are shown in Fig. 11. 
Again the effect of the different free-stream speeds is minimal, and the same 
straight-line fits that were used in Fig. 10 are again applied here. Extrapolating the 
straight lines to the 0 kV actuator voltage in this case gives the natural turning an-
gle for the three radii. 

We can observe a number of characteristics about the flow turning angle:  
1. The natural flow turning angle decreases with increasing velocity 
2. The response of the flow turning to the actuator input voltage increases with 

decreasing radius 
In order to better illustrate these observations, we wished to subtract off the 

natural (actuator off) turning angles for the three radii. Figure 12 shows a com-
parison of the directly measured natural flow turning angles and the values ob-
tained by extrapolating the straight- line fits to 0 kV in Fig. 11. These are observed 
to agree well, which substantiates the fit used in the previous figures. 

We refer to the angle that the flow turns naturally for a given radius, as θ0. 
These values have been subtracted from the turning angles produced by the 
plasma actuator previously shown in Fig. 11 to obtain the results plotted in Fig. 
13. This figure indicates the flow turning increment. That is, it represents the 
added flow turning, above the natural amount that occurs without flow control that 
is actually produced by the plasma actuator. This representation clearly shows that 
the plasma actuator was more effective (larger slope) as the radius decreased. 
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Fig. 11 Flow turning angle, θ, for three radii as a function of the actuator voltage for three free-
stream speeds. 

 
Fig. 12 Natural flow turning angle, θ, for three radii directly measured, and found by extrapolat-
ing values in Fig. 11 to a 0 kV actuator input. 
 

 
Fig. 13 Flow turning angle increment, θ−θ0, for three radii as a function of the actuator voltage 
for three free-stream speeds. 
 

The effect of the boundary layer thickness on the flow turning angle pro-
duced by the plasma actuator was found to be minimal. This is documented in Fig. 
14 for the intermediate radius case. 
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Fig. 14 Effect of the boundary layer thickness on the flow turning angle, θ, for an intermediate 
radius as a function of the actuator voltage for three free-stream speeds 

Flat-plate Cylinder 

One of the original objectives was to determine the effect that turning the flow 
around the trailing-edge radius had on the momentum recovery of the flow in the 
wake. The original setup was not sufficient to estimate this. Therefore a different 
setup was used that consisted of a suspended flat plate with a 2.5 in (6.35 cm) ra-
dius cylinder at the trailing edge. A schematic of the setup is shown in Fig. 15. 
Sand paper roughness like that used in the previous setup was used to trip the 
boundary layer to turbulence. Because the approach boundary layer to the cylinder 
was turbulent, it could be thought of as representing a super-critical Reynolds 
number condition for a circular cylinder. Under such as condition, the separation 
locations move from the top and bottoms of the cylinders, to positions approxi-
mately 23° further downstream. The lower blockage of this setup also allowed the 
measurements to be performed at higher free-stream speeds.  

 
Fig. 15 Schematic of plate-cylinder setup used to measure mean velocity profiles resulting 
 

Mean velocity profiles were measured in the wake of the plate-cylinder at a 
downstream location corresponding to 3 cylinder diameters. This was done at four 
free-stream speeds corresponding to 15, 20, 25, and 30 m/s. For these, the Rey-
nolds number based on the cylinder diameter ranged from 128K ≤ ReD ≤ 256K, 
and the Reynolds number based on the x-length of the plate ranged from 1.5M ≤ 
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Rex ≤ 3.1M. Figure 16 shows mean velocity profiles for the four speeds for three 
conditions: (1) with the plasma actuator off, (2) with  plasma actuators on at the 
90° and 270° positions, and (3) with plasma actuators on at the 112° and 248° po-
sitions. In general the plasma actuator reduces the wake deficit compared to the 
base condition. In addition, the actuator is more effective when it is placed closer 
to the separation location (112° and 248°) than at the sub-critical cylinder separa-
tion locations from plasma flow control designed to turn the flow around the trail-
ing edge radius.(90° and 270°). Finally for the fixed power applied to all of the 
free-stream conditions, the improvement of the wake deficit was less at the higher 
speeds. 

 
Fig. 16 Mean velocity profiles measured 3 trailing-edge cylinder diameters downstream of the 
plate-cylinder with the plasma actuator off (solid curve), and with it on in two arrangements 
(dashed curves). (128K ≤ ReD ≤ 256K, 1.5M ≤ Rex . ≤ 3.1M) 
 

The results are further quantified by integrating the mean velocity profiles to 
obtain the momentum in the wake. This is shown in Fig. 17. In this figure, the 
momentum in the wake with the plasma actuator on (Momact) is normalized by 
the momentum with the actuator off (Mom0) as Momact/Mom0. The smaller the 
ratio, the larger the amount of recovered momentum and, presumably, the lower 
the drag. 
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Fig. 17 Normalized momentum based on the mean velocity profiles in Fig. 16 for the two plasma 
actuator arrangements. (128K ≤ ReD ≤ 256K, 1.5M ≤ Rex ≤ 3.1M) 
 

As expected based on the mean velocity profiles, the plasma actuators located 
closer to the separation location performed better and thereby recovered a larger 
amount of the momentum in the wake of the cylinder. Also as indicated by the 
mean velocity profiles, the effect is reduced at the higher velocity. However at 
30m/s, which corresponds to 67mph, (a respectable truck interstate speed), 25 per-
cent of the momentum in the wake is recovered. Further measurements are needed 
to determine the drag improvement and the relative improvement after accounting 
for the power supplied to the plasma actuators. However, at this stage, the results 
are encouraging. 

Summary 

The SDBD plasma actuators were effective in controlling flow separation 
around a trailing- edge radius in which the approaching flow is a turbulent bound-
ary layer. The baseline separation location moves upstream with decreasing ra-
dius. A linear dependence of the separation location, and thereby the flow turning 
angle, on the plasma actuator voltage was found. For this, there was a minimum 
sensitivity to the free-stream velocity and approaching turbulent boundary layer 
thickness. 

The response of the flow to turn a prescribed radius as a result of the plasma 
actuator was found to increase with decreasing radius. Using a plate-cylinder 
setup, up to a 50 percent recovery of wake momentum was measured. At the high-
est free-stream speed of 30 m/s (67mph) there still remained a 25 percent recovery 
in momentum. 

While much more work is needed to determine the total impact of this tech-
nology to reduce the drag and fuel consumption of trucks and other ground vehi-
cles, the research thus far is very promising. Additional tests are planned for later 
in 2008 based on the results obtained in this effort. Additional baseline tests are 
planned along with different placement of actuators and the use of several actua-
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tors operating in tandem to build on the technology such that further, more repre-
sentative testing can be done over the road on actual rigs. 
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Introduction 

Flow separation incurs a large amount of energy loss and limits the perform-
ance of many flow-related devices (e.g., airfoils, automobiles, trucks etc.).  Re-
searchers have been trying to mitigate or eliminate flow separation for over a cen-
tury because of its large potential payoff in practical applications. Numerous 
passive and active separation control strategies have been attempted with varying 
degrees of success. Passive techniques involve geometric modifications to alter 
the flow characteristics, while active methods involve the use of flow actuators to 
modify the flow and therefore require external energy addition.   

Passive techniques are desirable because of their simplicity and, if properly de-
signed, their effectiveness at design conditions. However, the performance of a 
passive control system usually degrades at off-design conditions. In the context of 

Abstract   This paper discusses two adaptive feedback control approaches de-
signed to reattach a massively separated flow over a NACA airfoil with minimal 
control effort using piezoelectric synthetic jet actuators and various sensors for 
feedback.  One approach uses an adaptive feedback disturbance rejection algo-
rithm in conjunction with a system identification algorithm to develop a reduced-
order dynamical systems model between the actuator voltage and unsteady surface 
pressure signals.  The objective of this feedback control scheme is to suppress the 
pressure fluctuations on the upper surface of the airfoil model, which results in re-
duced flow separation, increased lift, and reduced drag.  A second approach lever-
ages various flow instabilities in a nonlinear fashion to maximize the lift-to-drag 
ratio using a constrained optimization scheme – in this case using a static lift/drag 
balance for feedback.  The potential application of these adaptive flow control 
techniques to heavy vehicles is discussed. 
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heavy vehicles, “off-design” encompasses speed deviations and poor weather 
(e.g., wind, snow, or rain).   

The main benefit of active techniques is their ability to “adapt” to off-design 
conditions. However, most of the active control approaches are open-loop in na-
ture and, hence, are not really adaptive. Feedback control uses sensors to feed 
back information about the flow and/or vehicle states, and a controller automati-
cally adjusts the actuator input to achieve a desired control objective. If the con-
troller is adjusted or redesigned automatically during this process, it is called 
“adaptive.” The primary disadvantage of this approach is its complexity, and its 
use thus represents a paradigm shift from conventional passive and active control.  
Nonetheless, the potential performance benefits and improved robustness warrants 
research. 

This paper addresses a model problem that is representative of the separated 
flow behind a heavy vehicle. In particular, two adaptive feedback control ap-
proaches are discussed that seek to reattach a massively separated flow over a 
NACA 0025 airfoil with minimal control effort using piezoelectric zero-net mass-
flux actuators and various sensors for feedback. One approach uses an adaptive 
feedback disturbance rejection algorithm in conjunction with a system identifica-
tion algorithm to develop a reduced-order dynamical systems model between the 
actuator voltage and unsteady surface pressure signals.  Its objective is to suppress 
the pressure fluctuations on the upper surface of the airfoil model, which results in 
reduced flow separation, increased lift, and reduced drag. A second approach lev-
erages various convective and global flow instabilities in a nonlinear fashion to 
maximize the lift-to-drag ratio using a constrained optimization scheme – in this 
case using a static lift/drag balance for feedback.  Experiments are described to 
elucidate the baseline uncontrolled and controlled flow physics, and the potential 
application of these approaches to heavy vehicles is discussed. 

Experimental Configuration 

As shown in Fig. 1, separation control experiments are conducted on a two-
dimensional, c = 15.24 cm chord NACA 0025 airfoil mounted in an open-return, 
low-speed wind tunnel with a 30.48 cm by 30.48 cm by 60.96 cm test section.  Six 
unsteady pressure transducers (Kulite LQ125-5A) are mounted beneath 2.2 mm 
diameter pinhole apertures at the mid-span location located at approximately 
44.0%, 52.5%, 61.0%, 69.5%, 77.9% and 86.4% chord.  A strain-gauge balance 
integrated into the model mount is used to measure the total lift and drag forces of 
the airfoil for varying angles of attack.   

The airfoil contains four piezoelectric zero-net mass-flux (ZNMF) actuators 
with h = 0.5 mm wide slots located in the central 1/3rd spanwise region of the air-
foil.  Here we describe control experiments that only use actuator #1 located at the 
3% chord location; the other unused actuators slots are covered.  Details on the 
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synthetic jet actuators used in this research can be found in Gallas et al. (2003), 
Holman et al. (2003), and Gallas (2005).  

 
Fig. 1 Experimental setup of NACA 0025 airfoil showing four ZNMF actuators, a strain gage 
balance, and six dynamic surface pressure transducers. 

The control system for the separation control experiments is implemented using 
a dSPACE (Model DS1005) DSP system with a 466 MHz PowerPC CPU.  The 
dSPACE system has a 5-channel 16-bit A/D board (DS2001) and a 6-channel 16-
bit D/A board (DS2102). The control algorithms are first programmed in Mat-
lab/Simulink and C programs (C code S-functions) and then compiled and loaded 
on the dSPACE DSP processor.   

The angle of attack (AoA) was greater than 10° for these experiments, corre-
sponding to massive leading-edge separation or post-stall separated flow, as 

The BL is tripped in the leading edge region using 100 sand grit.   

Problem Definition and Background 

The objective of the control is to reattach the flow to the airfoil surface with 
minimal actuator power expenditure.  A ZNMF actuator is a popular device for ac-
tive flow control that requires no external flow source and works by alternately 
expelling and ingesting fluid through the actuator slot via a vibrating diaphragm 
(Glezer and Amitay 2002).  Input sinusoidal oscillations are characterized by a 

Although numerous studies are reported in the literature to determine the opti-
mal forcing frequencies for effective separation control, the observed values of op-
timal F +  vary over a wide range.  For example, Greenblatt and Wygnanski (2000) 
concluded that the optimal range is 2 4F +< < .  Seifert and Pack (1999) found 

shown in Fig. 2. The chord Reynolds number, Rec U cρ µ∞= , was 1E5 to 1.2E5. 

dimensionless frequency F fc U+
∞=  and oscillatory momentum coefficient, 

( ) ( )
,

2 20.5
j rms

C u h U cµ ρ ρ ∞< >= , where 
,j rms

u  is the rms jet velocity in the slot. 
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that the excitation frequency should be chosen such that 0.5 1.5F +< <  over a 
wide range of high Reynolds numbers. Conversely, Amitay et al. (2001) found 
that when the excitation frequency 10F + > , the lift-to-pressure-drag ratio was lar-
ger than when the excitation frequency 4F + <  for their unconventional airfoil.   

 
Fig. 2 Instantaneous laser light sheet visualization of the baseline uncontrolled post-stall sepa-
rated flow on the airfoil at Rec = 1E5 and angle-of-attack (AoA) = 20°. 

For the case shown in Fig. 2, the optimal open-loop sinusoidal forcing for the 
present experiment is F + =15 with 43.16 10C −< >= × , resulting in partial reat-
tachment with an increase in lift-to-drag ratio from 1.1 for the baseline uncon-
trolled case to 1.76 (Tian 2007).  Thus, it may appear that the present results are 
more in line with the findings of Amitay et al. However, this result is misleading 
since the optimal value of F +  depends not only on the flow dynamics but also on 
the actuator. Figure 3 shows the normalized frequency response (i.e., the ratio of 
output rms jet velocity to input sinusoidal voltage) of actuator 1.  Note that the ac-
tuator output is negligible below 500 Hz and peaks around 1100 Hz. So the opti-
mal result of F + =15, which corresponds to ~1000 Hz excitation, is at least par-
tially explained by the fact that the actuator “works best” near this frequency.  
Nonetheless, the goal of the closed-loop control schemes is to at least match the 
performance of this optimal open-loop result, preferably with reduced actuator 
output, by relaxing the restriction to sinusoidal excitation. 

µ
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Fig. 3 Frequency response of ZNMF actuator 1.  Note the actuator produces non-negligible out-
put to sinusoidal inputs only in the range from 500-1500 Hz. 

Results and Discussion 

In this section we summarize the results for two algorithms used for real-time 
adaptive flow control. The first is a conventional adaptive disturbance rejection 
algorithm that includes an adaptive linear system identification model. The second 
approach uses a nonlinear constrained optimization strategy to adjust the parame-
ters of a multi-frequency waveform to maximize the lift-to-drag ratio. 

ARMARKOV Disturbance Rejection 

As mentioned above, this algorithm contains two parts: system identification 
(ID) and control. The ID portion produces a low-order dynamical system model 
between the actuator voltage and the unsteady pressure signals, while the control 
algorithm seeks to suppress the power or mean-square value of the unsteady pres-
sure fluctuations from one of the transducers. This approach is based on an inher-
ent assumption that the unsteady pressure fluctuations are larger when the flow is 
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separated due to the passage of vortical structures over the surface of the model, 
the validity of which is demonstrated in Kumar and Alvi (2005).   

A block diagram of the simultaneous ID and control algorithm is shown in Fig. 
4.  Here, both ID and control signals are input into the flow system, comprised of 
the actuator and airfoil, and the outputs of the system are assumed to be unsteady 
surface pressure measured by the transducers. The ID algorithm uses a band-
limited input signal to the actuator with the performance pressure signal to de-
velop an ARMARKOV system ID model (Akers and Bernstein 1997).  The adap-
tive disturbance rejection algorithm uses the parameters identified in the system 
model combined with the measured airfoil surface pressures to tune or adjust the 
controller (Venugopal and Bernstein 2000). The ID and disturbance rejection al-
gorithms are described in detail in the above references and in Tian et al. (2006b) 
and Tian (2007) for this problem. 

 
Fig. 4 Block diagram of adaptive system identification and disturbance rejection algorithm. 

Constrained Nonlinear Optimization 

Various optimization strategies are discussed in the literature (Press et al. 
1992). After some experimentation with several extremum-seeking algorithms 
(Artiyur and Krstic 2003; Banaszuk et al. 2003), the downhill simplex method de-
scribed in Press et al. was implemented to minimize the drag-to-lift ratio.   

The benefits of the algorithm are its simplicity and applicability to multi-
parameter constrained optimization and its faster convergence rate compared to 
extremum-seeking control for the present problem. The key steps of the algorithm 
are summarized as follows: 1) evaluate the cost function at chosen initial condi-
tions, 2) use the lowest value as a reference and search for a lower value of the 
cost function, 3) move only in the downhill direction, and 4) terminate when some 
convergence criteria are met. The method thus finds a local minimum. To improve 
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the probability of finding the global minimum, multiple experiments are per-
formed starting from different initial conditions. Again, the details of this algo-
rithm are described in Tian et al. (2006a) and Tian (2007). 

Tian et al. (2006a) and Tian (2007) describe three such waveforms: amplitude 
modulation (AM), burst modulation (BM), and pulse modulation (PM). Each of 
these represents the product of a high-frequency carrier signal and a low-
frequency modulation signal.  For example, an AM signal is  

which is characterized by three parameters: the amplitude A , carrier frequency 
cf , and modulation frequency mf . The use of such a complex waveform produces 

a rich spectrum of input disturbances due to flow nonlinearities, which in turn ex-
cites the K-H and wake instabilities. The goal of the simplex algorithm is to adjust 
these three parameters to minimize the drag-to-lift ratio. 

Both adaptive controllers are able to completely reattach the separated flow at 
AoA=12°, as shown in Fig. 5, and L D  is increased to 7.0 ± 0.4. As the AoA is 
increased above 12°, the performance of the adaptive disturbance rejection con-
troller, which is inherently linear, gradually deteriorates. Finally at AoA=20°, the 

As explained in Tian (2007), the separated flow exhibits two dominant flow 
instabilities. The separated shear layer is characterized by convective Kelvin-
Helmholtz (K-H) instabilities, which manifest themselves as the large-scale 
vortical structures with frequency 0~SLf U θ∞ , where 0θ  is the initial 
momentum thickness of the boundary layer just prior to separation (see Fig. 2).  
The large wake is characterized by a global instability, which manifests itself as a 
vortex street with frequency ~wake wakef U θ∞ , where wakeθ  is the momentum 
thickness of the wake. The global wake instability interacts in a nonlinear fashion 
with the K-H instability. Since 0wakeθ θ>> , then wake SLf f<<  so these two 
frequencies are widely separated in the post-stall case. This fact emphasizes the 
need for an actuator with sufficient bandwidth to excite both instabilities. The key 
assumption is that control will be more effective if both of these instabilities are 
excited, and this can only be achieved via a mult-frequency waveform. 
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( ) sin 2
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Finally, to negate the preferential actuator output over a certain frequency 
range described above, the ZNMF actuator output jet rms velocity is “calibrated” 
using a constant-temperature hot-wire anemometer and current probes for each 
waveform type (AM, BM, or PM) to provide a look-up table that relates Cµ< >  
and actuator electrical power to the waveform parameters. In this manner, the 
optimization can be constrained to fix either Cµ< >  or electrical power while A , 

cf , and mf  are adjusted. This permits a fair comparison between different 
actuator waveforms. 
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lift-to-drag ratio is essentially identical to that of the uncontrolled case 
( 1.1 0.04L D = ± ). In contrast, the nonlinear controller is more robust at higher 
angles of attack. In particular, at AoA=20°, L D = 2.18 ± 0.07 for AM with 

Conclusions 

The results of these experiments on a model post-stall airfoil problem show the 
potential of adaptive control of separated flow. In particular, the nonlinear control-
ler appears most promising due to its ability to leverage multiple flow instabilities 
and therefore achieve control with very low energy expenditure.   

The above closed-loop methodology appears to be applicable to heavy vehicles 
and would be a natural extension of previous open-loop control approaches (Hsu 
et al. 2004; Englar 2004). In particular, the massive wake behind a truck will 
likely exhibit similar flow instabilities as that of a post-stall airfoil, namely the K-
H shear layer and global wake instabilities. Of course, the three-dimensional na-
ture of the bluff body wake will be more complex. In addition, the objective func-
tion for control will differ from the lift-to-drag ratio. Since drag reduction is the 
main objective for a heavy vehicle, maximizing the average base pressure is per-
haps a reasonable objective. Unsteady actuation around the rear perimeter of the 
vehicle appears to be a logical location for the actuators. In summary, it seems 
clear that further research on this topic is both warranted and required to under-
stand the benefits and limitations of adaptive feedback flow control as applied to 
heavy vehicles. 

67.15 10Cµ
−< >= × , mf = 61 Hz and cf = 2405 Hz. Optimal sinusoidal control 

was achieved with 43.16 10Cµ
−< >= × , resulting in L D = 1.76 ± 0.03.  Note that 

slightly superior performance is achieved via nonlinear feedback vs. sinusoidal 
control but with a reduction in Cµ< >  by a factor of 44!  More details on these 
experiments are provided in Tian (2007). 
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Fig. 5 Contours of streamwise velocity u U∞  for (a) baseline and (b) closed-loop control at 
AoA = 12° and Rec =120,000. 
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Abstract   The drag reduction capability of tractor base bleeding is investigated 
using a combination of experiments and numerical simulations. Wind tunnel 
measurements are made on a 1:20 scale heavy vehicle model at a vehicle width-
based Reynolds number of 420,000. The tractor bleeding flow, which is delivered 
through a porous material embedded within the tractor base, is introduced into the 
tractor-trailer gap at bleeding coefficients ranging from 0.0-0.018 for two different 
gap sizes with and without side extenders. At the largest bleeding coefficient with 
no side extenders, the wind-averaged drag coefficient is reduced by a maximum 
value of 0.015 or 0.024, depending upon the gap size. To determine the perform-
ance of tractor base bleeding under more realistic operating conditions, computa-
tional fluid dynamics simulations are performed on a full-scale heavy vehicle 
traveling within a crosswind for bleeding coefficients ranging from 0.0-0.13. At 
the largest bleeding coefficient, the drag coefficient of the vehicle is reduced by 
0.146. Examination of the tractor-trailer gap flow physics reveals that tractor base 
bleeding reduces the drag by both decreasing the amount of free-stream flow en-
trained into the gap and by increasing the pressure of the tractor base relative to 
that of the trailer frontal surface. 

1 Introduction 

During the 1970s and 1980s, a number of first-generation drag reduction de-
vices were designed to reduce the aerodynamic losses of heavy vehicles [5]. The 
result of this effort led to the development of a number of devices (front-end 
rounding, tractor aero-shields, body molding, and cabin side extenders) that im-
proved the aerodynamics of heavy vehicle tractors. Additionally, a number of sec-
ond-generation devices (tractor-trailer gap sealers, trailer side skirts, and boat-
tails) were developed. Unfortunately, these devices did not enter into the market 
on a wide-scale basis, which was due not to their ineffectiveness in reducing drag, 
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but rather to operational, maintenance, and, ultimately, economic concerns. How-
ever, with rising fuel costs and potentially unstable fuel supplies, there is a re-
newed objective to further reduce heavy vehicle aerodynamic drag. 

On a modern heavy vehicle, one of the main sources of aerodynamic drag is 
tractor-trailer gap drag, which occurs when the vehicle is operating in a crosswind 
and free-stream flow is entrained into the tractor-trailer gap. This flow entrainment 
imparts a momentum exchange to the heavy vehicle in the direction opposite of 
travel, resulting in a drag increase. Presently, cabin side extenders, which are 0.46-
0.51 m wide vertical plates attached to the tractor base, are routinely utilized on 
modern heavy vehicles to mitigate flow entrainment into the gap. Wind tunnel 
measurements have shown that side extenders, when used in conjunction with a 
rooftop aero-shield and tractor side skirts, reduce the wind-averaged drag coeffi-
cient, Cdwavg, by about 0.15 [6]. Other devices, such as gap sealers and fillers are 
also effective in reducing tractor-trailer gap drag and provide additional reductions 
in the wind-averaged drag coefficient ranging from about 0.03-0.06 [6]. However, 
due to maintenance and operational issues, these devices are not commonly in-
stalled on modern heavy vehicles. 

Despite their widespread use, side extenders are often damaged during routine 
shipping operations. Commercial fleets frequently comment that the large struc-
tural surfaces comprising the side extenders are easily bent or crushed when the 
tractor pivots too sharply relative to the trailer during loading maneuvers. When 
such damage occurs, the commercial fleets are forced to take the tractor out of op-
eration for service and either remove or replace the side extenders, a task which 
can become extremely costly when such repairs are required for several thousand 
tractors in the larger shipping fleets. Consequently, there is a need to devise alter-
nate drag reduction concepts that can both alleviate flow entrainment into the trac-
tor-trailer gap and be less prone to damage during vehicle articulation. One such 
concept recently developed are side extenders that are about 38% shorter than 
those presently used and still provide nearly the same aerodynamic benefit [7].  

Another proposed concept is tractor base bleed, in which a stream of low-speed 
flow is injected into the tractor-trailer gap at a velocity, Ub, over a large surface 
area, Ab, on the tractor base. Base bleed has been previously studied as a means of 
reducing the drag of bluff bodies, such as ballistic shells [18], blunt-base airfoils 
[28], backward facing steps [16], and circular cylinders [23]. The typical values of 
bleeding flow, defined by the bleeding coefficient, Cµ = UbAb/UoAo, range from 
0.0-0.28, where Uo is the free-stream velocity and Ao the characteristic area of the 
body. Bearman [3], Michel & Kost [20], and Wood [28, 29] showed that base 
bleed increases the pressure over the bleeding surface, thereby reducing the over-
all drag of the bluff body. When sufficient bleeding flow is injected into the sepa-
rated wake, Bearman [3], Schumm, et al. [23], and Wood [28, 29] demonstrated 
that the strength of the shed vortex street can be reduced.  In addition, base bleed-
ing displaces the separated wake in the downstream direction [3, 24, 29, 30]. Fur-
ther increases in bleeding can suppress vortex shedding entirely. Yao & Sandham 
[30] showed that bleeding over a large area at a low velocity is more effective in 
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reducing the drag than bleeding over a small area at a high velocity. Base bleed 
has also been shown to influence the stability characteristics of the separated wake 
[11]. Arcas & Redekopp [1], Hammond & Redekopp [10], Huerre & Monkewitz 
[11], and Sevilla & Martinez-Bazan [24] observed that, at a critical bleed rate, the 
wake transitions from being absolutely unstable to convectively unstable. And, 
Koch [14,15] showed that the transition from absolute to convectively unstable 
flow occurs slightly downstream of the region of reverse flow in the separated 
wake. 

Although the previous studies elucidated the flow physics and drag reduction 
capability of base bleeding, the types of bluff bodies used were either two-
dimensional or axisymmetric. In addition, the bluff bodies were isolated from the 
influence of other bodies and were oriented at zero degrees yaw with respect to the 
free-stream flow. It is therefore difficult to determine from these previously pub-
lished results as to whether or not base bleeding is an effective means of reducing 
the drag of a tractor-trailer gap, which is surrounded by both a highly asymmetric, 
three-dimensional geometry and a moving ground plane and which is typically 
oriented at a finite yaw angle. Thus, the purpose of this study is to investigate base 
bleeding as means of reducing tractor-trailer gap drag. In particular, we wish to 
answer the following questions. Does tractor base bleeding reduce the drag of a 
heavy vehicle?  How much bleeding flow is required to produce a modest drag re-
duction?  How is the flow within the tractor-trailer gap altered as a result of base 
bleeding?  How do the gap flow physics and the reductions, if any, in drag due to 
tractor base bleeding compare to those of traditional side extenders? 

2 Wind Tunnel Measurements 

As a first step in providing answers to these questions, we perform wind tunnel 
measurements on a 1:20 scale heavy vehicle model that employs tractor base 
bleeding. The model tractor, which is a detailed representation [27] of a Freight-
liner Columbia [8], is fabricated using a rapid prototyping technique (Fig. 1a) 
[25]. The engine grill and the air inlets on the bumper are sealed since Leuschen & 
Cooper [17] measured very little difference in the drag coefficient when the cool-
ing airflow through these two regions was blocked. To prevent laminar flow sepa-
ration, several lengths of 4 × 10−4 m diameter wire are laid over the leading edges 
of the tractor and 4.6 × 10−4 m diameter glass beads are bonded to the tractor nose, 
visor, aero-shield, window pillars, door columns, and engine grill. The tractor is 
attached to a 0.69 m long model freight van that includes cross members and a 
landing gear on the trailer underside. The trailer body is constructed from 0.006 m 
thick sheets of acrylic, while the trailer wheels are fabricated in the same manner 
as that of the tractor. The tractor-trailer gap is adjustable and, for this study, is set 
to 0.038 and 0.076 m. Force measurements are made by suspending the entire 
tractor-trailer model on a six-component force balance (Northrop MK XVA 0.75”) 
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that is positioned near the upstream end of the trailer. The signals from the force 
balance are digitized and stored on a computer using BDAS 9.3 data acquisition 
software [4]. The resulting drag coefficients, Cd = D / ½ρUo

2Ao, are obtained to 
within ±1.69 × 10−3, which includes both the balance accuracy and the average 
measurement repeatability, where D is the drag force along the body axis, xa, of 
the model, ρ the density of air, and Ao = 2.47 × 10−2 m2 the characteristic area of 
the model. 

Tractor base bleeding is provided by directing a compressed air supply into two 
0.019 m NPT air supply lines that are connected to two smaller 0.006 m internal 
diameter tubes, which enter the model through the trailer underside (Fig. 1b). The 
bleeding flowrate is measured with a pneumatic in-line flowmeter (Omega 
FL7722A). Since the 0.006 m internal diameter tubes pass from the non-metric to 
the metric portions of the force balance, a service loop is incorporated into the tub-
ing before it exits the upstream end of the trailer underside and is attached to two 
ports on the tractor underside. These ports direct the airflow into a plenum that 
comprises the entire model tractor cabin. On the base of the tractor cabin are 
threaded holes to which several different rapid-prototyped pieces can be affixed. 
For base bleeding configurations, perforated tractor bases with and without 0.02 m 
wide side extenders are employed. On these pieces, the bleeding surface area is 
about 19% of the characteristic area, Ao, of the model tractor. For cases in which 
there is no bleeding flow, aluminum duct tape is placed over the perforated holes 
or a separate non-perforated tractor base piece with or without side extenders is 
fixed to the tractor base. Within the plenum, 0.051 m thick packing foam is posi-
tioned against the perforated tractor base to provide a pressure drop for the bleed-
ing flow as it exits the plenum, thereby ensuring a more uniform bleeding velocity 
profile. Four bleeding flowrates, corresponding to base bleeding coefficients of 
0.0, 0.008, 0.013, and 0.018, are used in this wind tunnel study. Velocity meas-
urements made in the gap using a multi-hole pressure probe (Cobra, Turbulent 
Flow Instrumentation) with no tunnel velocity demonstrate fairly uniform bleed-
ing velocity (Fig. 2). 

The drag coefficient measurements are made within the NASA Ames Fluid 
Mechanics Laboratory open-circuit wind tunnel, which has a contraction ratio of 
9:1, a test section size of 0.813 m × 1.219 m, and a free-stream turbulence 
level of 0.15%. The wind tunnel is operated at a nominal dynamic pressure and 
tunnel speed of 1420 N/m2 and 48.95 m/s, respectively. The resulting width-based  
 



Investigation of Tractor Base Bleeding for Heavy Vehicle Aerodynamic Drag Reduction      165 

 
Fig. 1 a) 1:20 scale heavy vehicle model in the low-speed NASA Ames wind tunnel. b) Details 
of the tractor base bleeding system. 
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Fig. 2 Bleeding velocity contours in the x-direction made 0.019m downstream of the tractor base 
for Cµ equal to a) 0.008, b) 0.013, and c) 0.018 for a tractor-trailer gap distance of 0.076 m with 
no tunnel velocity. 

Reynolds number, Rew = Uow/ν, of the model is 420,000, where w = 0.13 m is the 
model width, and ν the kinematic viscosity of air. The percentage of blockage of 
the model in the tunnel test section is 2.5% at 0° yaw. The model is mounted at a 
height about equal to the boundary layer displacement thickness (≈ 5.0 × 10−3 m) 
above the tunnel floor on a turntable that is driven by a computer-controlled servo 
motor (Parker Compumotor), which can rotate the model to within ±0.05°. For 
each model configuration, force measurements are made at yaw angles ranging 
from ±8°. To assess the repeatability of the measurements, as well as hysteresis in 
the flow patterns over the model, the data are acquired on selective configurations 
for both increasing and decreasing yaw angle directions and are observed to show 
negligible hysteresis effects. Since the tractor bleeding flow generates forces on 
the model due to the effects of thrust and the expansion of the 0.006 m internal di-
ameter tubing within the trailer, force measurements are first made at a zero tunnel 
velocity at each non-zero bleeding coefficient value. These forces are then sub-
tracted from the subsequent measurements made at the corresponding bleeding 
coefficient values. 

While the Cd data at each yaw angle is useful for evaluating the tractor base 
bleeding concept, it is somewhat cumbersome since the Cd distribution does not 
summarize the drag reduction performance into a single quantity that can be easily 
compared with that of other devices, such as side extenders. Taking the mean 
value of Cd over all measured yaw angles is also insufficient since it does not ac-
count for the fact that the crosswind velocities cause a vehicle traveling at a par-
ticular speed to experience certain yaw angles more than others. A quantity that 
resolves both of these issues is the wind-averaged drag coefficient, Cdwavg [12], 
which is computed for each base bleeding configuration (Fig. 3). It is apparent that 
the drag coefficient decreases as the bleeding coefficient is increased for both gap 
distances. However, a greater reduction in drag is observed for the larger gap dis-
tance both with and without side extenders. When Cµ > 0.006, tractor base bleeding 
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with no side extenders at the larger gap distance yields a greater reduction in drag 
than that of side extenders alone with no bleeding flow. It should also be noted 
that the wind-averaged drag coefficients for the larger gap are greater than those 
of the smaller gap, indicating the presence of a larger amount of entrained flow 
into the tractor-trailer gap. Similar trends in the dependence of the drag coefficient 
upon gap distance, dgap, were observed by Hammache & Browand [9], who inves-
tigated tractor-trailer gap flow dynamics on a simplified tractor-trailer geometry at 
a comparable Rew of 270,000. At a critical gap distance of dgap/Ao ≈ 0.5, Ham-
mache & Browand showed that the total vehicle drag increases sharply.  In the 
present study, the values of dgap = 0.038 and 0.076 m are below and about equal to 
the critical gap distance, respectively. 

 

 
Fig. 3 Wind-averaged drag coefficient, Cdwavg, as a function of the tractor base bleeding coeffi-
cient, Cµ, for two tractor-trailer gap distances with and without side extenders 

3 CFD Simulations 

While the wind tunnel measurements demonstrate that tractor base bleeding 
can indeed reduce the drag of the heavy vehicle model, further investigation is 
needed both to demonstrate the effectiveness of this concept at a full-scale Rey-
nolds number and to understand the changes in the gap flow physics arising from 
the base bleeding. For these reasons, we perform computational fluid dynamics 
(CFD) simulations on a full-scale Freightliner Columbia operating at highway 
conditions within a crosswind. The tractor-trailer gap distance is set to 1.02 m and 
a 13.6 m long freight van is attached to the tractor. 
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The simulations are performed within a computational domain that is 98m × 
49m × 128m (Fig. 4), such that the heavy-vehicle cross-sectional area is 0.2% of 
that of the domain. To model the crosswind velocity, Uw , which is typically 3.1 
m/s at vehicle mid-height [22], while the vehicle travels at a ground speed of Ug  = 
Uo = 29.1 m/s, the vehicle is yawed to θ  = tan−1 (Uw/Ug ) = 6.1° and a velocity of 

2 2
U Ug w+  = 29.3 m/s is specified at the inlet to the computational domain (Fig. 

4). The resulting width-based Reynolds number is 5,000,000. Beneath the vehicle, 
a no-slip, moving ground plane boundary condition is prescribed at a velocity of 
Ug and a yaw angle of 6.1°. The no-slip surfaces of the tractor and trailer tires, 
which have a surface angular velocity boundary condition of 53 s−1, intersect the 
ground plane, producing a tire contact patch that has a swept angle of 20° [2]. A 
slip boundary condition and a zero gradient boundary condition are specified 
along the walls and outlet, respectively, of the computational domain. To produce 
the tractor base bleeding flow, an inlet velocity boundary condition (Ub = 0.0-
0.2Uo, vc  = 0, wc  = 0) is defined across the tractor base, which has an area that is 
65% of that of the vehicle cross-section, Ao = 9.87 m2. The corresponding bleeding 
coefficients range from 0.0-0.13. The other variables on the bleeding inlet bound-
ary are computed by assuming a zero gradient normal to the inlet, such that the 
variables on the inlet nodes are extrapolated from the values of the interior nodes. 
To provide a performance comparison for the base bleeding concept, side extend-
ers, which have a length of 0.38 m, are modeled in one vehicle configuration and 
compared with the baseline case. A finite-volume code [26] is used to solve the 
steady Reynolds averaged Navier-Stokes (RANS) equations for the flow about the 
heavy vehicle. The k−ω SST turbulence model [19] with a wall function is em-
ployed since a previous study by Pointer [21] demonstrated that this approach can 
adequately capture the value of Cd at a Rew on the order of 106. The cell height ad-
jacent to the vehicle is chosen to be 3.3 × 10−3 m, yielding a nominal value for y+ 
[13] of 90 over the entire tractor-trailer surface. Meshes with about 25 × 106 cells 
are used in this study. The drag coefficient, which is typically averaged over 
10,000-20,000 iterations, tends to oscillate by approximately ±0.007 about the av-
erage value, an effect possibly due to a lack of local mesh resolution. 

A plot of the drag coefficient as function of the bleeding coefficient (Fig. 5) re-
veals that, in much the same manner as that of the wind tunnel measurements, 
 

 
Fig. 4 Computational domain used for the full-scale CFD simulations 
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Fig. 5 Change in the drag coefficient as function of the bleeding coefficient for the CFD simula-
tions 
 
increases in bleeding flow decrease the drag coefficient. In addition, the drag re-
duction of ∆Cd ≈ 0.025 observed for Cµ ≈ 0.018 is about equal to that seen ex-
perimentally (∆Cd ≈ 0.02) at 6° yaw for the larger gap distance despite the 
relatively large difference in Rew. For the computational results, the drag 
coefficient decreases in a nearly linear fashion for the largest bleeding 
coefficients, values of which were not attainable in the wind tunnel measurements. 
The largest reduction in drag (∆Cd = 0.146) occurs at the maximum bleeding 
coefficient of 0.13. It is also evident that bleeding coefficients greater than 0.04 
provide a larger reduction in drag than that of the side extenders (∆Cd = 0.049). 

Obviously, a portion of the drag reduction produced by base bleeding is due to 
the thrust, 

    (1) 

 
of the bleeding flow and not to modifications of the tractor-trailer gap flow phys-
ics, where u is the fluid velocity vector and n the unit normal vector of the vehicle 
surface. Removing this thrust contribution from the data in Fig. 5 demonstrates 
that, for the bleeding coefficients evaluated in this study, a significant drag reduc-
tion occurs solely due to changes in the gap flow physics. 

One of the changes to occur is in the amount of free-stream fluid entrained into 
the tractor-trailer gap. The entrainment rate is computed by defining a rectangular 
control surface that encompasses the volume of the entire tractor-trailer gap (Fig. 
6), but not the bleeding area over the tractor base. The entrainment flowrate, 

 

b
bA

T U dAρ= ⋅ ,∫ u n
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in
e csA

Q dA= ⋅ ,∫ u n     (2) 

 

 
Fig. 6 Control surface defined for computing the flow entrainment rate, Qe, into the tractor-trailer 
gap. The color contours on the surface denote the values of u • ncs for Cµ  = 0.0. 

is calculated over the control surface to determine the amount of fluid entering the 
gap from the free-stream, where ncs is the normal vector of the control surface and 
the integration area, Ain, indicates that the integral is computed over those portions 
of the control surface in which u • ncs < 0. Without any base bleeding, the gap en-
trains free-stream fluid at a rate of 0.085UoAo, where a large portion of the en-
trainment occurs on the windward-downstream and bottom-upstream areas (Fig. 
6) of the control surface. When side extenders are placed on the tractor base, Qe = 
0.072UoAo. Due to the highly three-dimensional nature of the velocity field in the 
gap, the flow exits through distinct patches spread over the leeward and upper ar-
eas of the control surface. When Cµ > 0, the bleeding flow reduces the amount of 
free-stream fluid entrained into the tractor-trailer gap (Fig. 7). (Note that the a-
symptotic decay of Qe to what appears to be a value greater than zero is a result of 
the manner in which the control surface geometry is defined. The value of Qe will 
likely be greater than zero for all Cµ because free-stream fluid will continue to en-
ter the control surface through the upstream, vertical face.) A comparison of the 
contour plots of u • ncs (Fig. 8) reveals that base bleeding significantly reduces the 
entrainment of free-stream fluid on the windward and bottom areas of the control 
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surface and produces an exit flow pattern that is more uniformly distributed over 
the downstream areas of the control surface. 

The specific manner in which fluid entrainment is altered as a result of base 
bleeding can be understood by investigating the velocity field within the tractor-
trailer gap. Prior to base bleeding, the windward shear layer separating from the 
tractor base impinges upon the trailer frontal face, producing a cross-stream flow 
in the form of a wall jet that spans the entire gap width (Fig. 9a,c). At the center-
line of the gap, this wall jet has a maximum magnitude that is about 0.75Uo (Fig. 
10). Since the flow re-circulates within the gap, a positive cross-stream velocity is 
present near the tractor base. As the amount of base bleeding is increased, the 
strength of the wall jet decreases. In addition, the cross-stream velocity profile be-
comes linear with the gap distance near the tractor base and the peak velocity of 
the positive-valued re-circulating flow diminishes. At a bleeding coefficient of Cµ 
= 0.13, the cross-stream velocity profile is linear throughout the entire tractor-
trailer gap centerline, except within a thin boundary layer on the trailer frontal sur-
face. Plots of the velocity field (Fig. 9b,d) show a relatively uniform gap flow, 
where the regions of large cross-stream flow are confined to the outer extents of 
the gap. It should also be noted that side extenders reduce the strength of the 
cross-stream flow, such that the maximum magnitude of the wall-jet is reduced to 
a value about equal to that which occurs when Cµ  ≈ 0.033 (Fig. 10). 

The shear layer that produces the wall jet within the gap leaves a distinct high 
pressure signature as it impinges upon the trailer frontal face (Fig. 11a). Away 
from this impingement zone, the pressure is considerably lower in magnitude, ex-
cept for a region on the leeward side of the gap. When bleeding flow (Cµ = 0.13) 

 

 
Fig. 7 Non-dimensional flow entrainment rate into the tractor-trailer gap as function of the bleed-
ing coefficient. The symbol • denotes the configuration with side extenders (Cµ  = 0.0). 
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Fig. 8 Contours of u • ncs over the control surface for a) a bleeding coefficient of Cµ  = 0.13 and 
b) for side extenders (Cµ = 0.0). 

is applied to the tractor base, this high pressure signature is diminished (Fig. 11b) 
and replaced with a more uniform pressure distribution that extends over nearly 
the entire trailer frontal face. The application of side extenders also reduces the 
pressure signature from the windward shear layer (Fig. 11c), though not to the ex-
tent seen for Cµ = 0.13. 

Plots of the pressure coefficient acting in the body axis-direction, Cpa = |n • 
na|(P − Po )/ ½ρUo

2, (Fig. 12) along the vertical centerline of the tractor base and 
trailer frontal face demonstrate that the pressure increases on both surfaces as the 
bleeding coefficient is increased, where P is the fluid pressure, Po  the free-stream 
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pressure, and na is the unit body-axis direction vector. Calculating the average 
value of Cpa over the tractor base, trailer frontal face, and trailer base shows that 
the average pressure coefficient acting in the body-axis direction on the tractor 
base increases more rapidly than that on the trailer frontal face as Cµ is increased 
(Fig. 13). This subsequently reduces the difference between the average pressure 
coefficients on the tractor base and trailer frontal face, which is, in turn, responsi-
ble for the reduction in drag on the entire vehicle. In fact, for Cµ > 0.053, the aver-
age pressure coefficient on the tractor base is greater than that of the trailer frontal 
face. The side extenders reduce the difference between average pressure coeffi-
cients over the tractor base and trailer frontal face, as well.  However, the average 
pressure coefficient on the trailer base exhibits little sensitivity to either the bleed-
ing flow or the side extenders. 

 

 
Fig. 9 a-b) Velocity magnitude and streamlines and c-d) cross-stream velocity at the mid-height 
of the tractor-trailer gap for Cµ equal to a,c) 0.0 and b,d) 0.13. Note that additional negative-
valued contours are applied in c-d) to highlight the cross-stream gap flow. 
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Fig. 10 a) Horizontal cross-section at the mid-height of the tractor-trailer gap. b) Non-
dimensional cross-stream velocity through the gap as function of the bleeding coefficient. 

 
 
 
 

 
Fig. 11 Pressure coefficient and surface streamlines on the trailer frontal face for Cµ equal to a) 
0.0 and b) 0.13 and for c) side extenders. 
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Fig. 12 Pressure coefficient in the body-axis direction on the a) tractor base and b) trailer frontal 
face centerlines as a function of the bleeding coefficient. 

 
 
 
 

 
Fig. 13 Average pressure coefficient in the body-axis direction over the tractor base and trailer 
frontal surface and base as a function of the bleeding coefficient. 
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4 Conclusions 

Through this investigation, we have studied the drag reduction capability of 
tractor base bleeding. Both the 1:20 scale wind tunnel measurements and the full-
scale CFD simulations demonstrate that tractor base bleeding reduces the drag co-
efficient of a heavy vehicle. For bleeding coefficients greater than 0.04, the simu-
lations show a reduction in the drag coefficient that is larger than that of side ex-
tenders. The simulation results also highlight the flow physics within the tractor-
trailer gap that contribute to this drag reduction. As the bleeding coefficient in-
creases, the rate of fluid entrainment from the free-stream into the gap decreases, 
which reduces both the pressure signature of the impinging windward shear layer 
on the trailer frontal face and the strength of the cross-stream wall jet within the 
gap. Lastly, tractor base bleeding reduces the difference between the average pres-
sure coefficients on the tractor base and trailer frontal face, which is the mecha-
nism responsible for the drag reduction.  

The reason for selecting tractor base bleeding as a drag reduction concept is to 
alleviate the maintenance and operational issues that often arise with conventional 
side extenders.  It is evident through the results of this investigation that tractor 
base bleeding may, in fact, offer an alternative means to side extenders in reducing 
tractor-trailer gap drag. However, the base bleeding concept is not without its own 
set of concerns and a number of questions remain unanswered regarding its feasi-
bility, some of which are: how much power is required to produce the bleeding 
flow? Would it be more efficient to utilize solar energy or energy stored from re-
generative braking to produce the bleeding flow? Can a base bleeding system be 
designed robustly enough so as to require a minimum level of maintenance? Un-
der normal operating conditions, does tractor base bleeding provide a net reduc-
tion in fuel usage? Lastly, how much would a bleeding system add to the price of 
a tractor?  Obviously, we are not in the position to answer these important ques-
tions at the present time. However, if these questions can be adequately and cost-
effectively addressed, tractor base bleeding may, in the future, offer commercial 
fleets a viable drag reduction alternative. 
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Abstract   An experimental investigation was carried out to assess the drag reduc-
ing potential of active flow control in conjunction with flat panel flaps attached to 
the trailer of a generic tractor–trailer model. The experiments were carried out in a 
wind tunnel with a 1/10th scale generic tractor-trailer model at Reynolds numbers 
up to 640,000 based on the model width. Active flow control was achieved by 
means of constant blowing, constant suction and oscillatory blowing and suction. 
A secondary objective was to make short base flaps with active flow control as ef-
fective as long flaps with no active flow control. Measurement techniques such as 
flow visualizations, loads by means of a 6-component balance, LDA and PIV were 
employed. The results show that constant blowing at a momentum coefficient of 
11.13% is able to achieve higher drag reduction than long flaps with no active 
flow control. The analysis of the flow field in the wake showed that constant 
blowing deflects the shear layer between the free stream and the wake region 
downward and hence reduces the size of the wake. The flaps at the side of the 
truck did not appear to have any substantial drag reducing effect.  

1 Introduction 

 
In recent years the economy of tractor-trailer configurations has improved sig-

nificantly. After the implementation of drag-reducing devices on the tractor, fur-
ther investigations were aimed at drag reduction by optimisations of the trailer. In 
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addition to the development of side skirts and components which close the gap be-
tween the tractor and trailer it was recognized that, in particular, the trailer end 
contains a high drag-reducing potential. 

Therefore additional components were installed at the trailer end to reduce the 
area thereby reducing the dead air region and hence pressure losses. In the past, 
the influence of several different components (e.g. boat-tailing, boat tail plates, 
base flaps) was investigated with respect to the drag reduction and the application 
to in-service trucks. 

Several studies showed the drag reducing potential of flaps and that longer 
flaps can reduce the drag more than short flaps [1, 3, 4, 6]. Some authors at-
tempted to increase the drag reducing effect through combination with active flow 
control (AFC). Englar [2] showed that Coanda blowing can be applied on trailers 
to reduce trailer drag. Hammache and Browand [5] investigated the effect of oscil-
latory forcing and found that additional drag reduction is only achieved at flap tilt 
angles higher than 9-10 degrees. Seifert [8] applied constant suction and oscilla-
tory blowing to a two dimensional truck model with a fluidic device integrated in 
the rounded trailing corner.  

The main objective of this paper is to investigate combinations of active flow 
control with short flat flaps with the goal of obtaining additional drag reduction. 
The results are compared to a passive baseline configuration with short flaps. The 
experiments were performed with a generic tractor-trailer model using constant 
suction (CS), constant blowing (CB), zero mass flux forcing (ZMF) and oscillat-
ing blowing (OB). Detailed information about the flow behaviour in the trailer 
wake is given by using LDA and PIV techniques for the CB configuration. 

2 Experimental Setup 

 
The experiments were performed in a closed loop 500kW-powered wind tunnel 

at the Hermann-Föttinger Institute. In the closed test section of 2m x 1.4m x 10m 
(W x H x L) a maximum velocity of Umax=40m/s can be achieved. The turbulence 
level is below 1 %. The corresponding Reynolds number is 640,000 based on the 
model width of Wtrailer = 0.25m at Umax. A six component external balance was 
used to determine the drag. The distance between the model wheels and the wind 
tunnel floor was 3mm. The floor of the wind tunnel was stationary. 

Additionally, LDA and PIV-measurements were used to gain insight into the 
structure of the flow field in the wake of the trailer. 

A 1/10th scaled model corresponding to the longest legal European tractor-
trailers was designed and constructed of medium density fibreboard. The edge ra-
dius at the front of the truck is 80mm on the roof and 40mm on the remaining 
edges. The dimensions of the model and the coordinate system are shown in Fig. 
2.1. The model was mounted on a turntable such that yaw angles between ±30° 
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could be realized. The back of the model was equipped with a 1mm slot at the 
base of the trailer that was used for active flow control. The internal trailer volume 
was used as a plenum and air entered through a flexible tubing system in the bot-
tom of the trailer. Any additional forces which were generated through blowing or 
suction (e.g. forces through the tubing, jet blowing) were accounted for in the drag 
measurements. To reduce the effect of the boundary layer thickening on the wind 
tunnel floor, the truck was mounted at the beginning of the test section near the 
contraction. 

 
Fig. 2.1 Schematic representation of the generic tractor-trailer model 

3 Baseline Configuration 

 
As a baseline configuration the model was used without any drag reduction de-

vices. Drag measurements were performed with different yaw angles between  
ψ =±30° to simulate side wind effects (not shown here).  

The only differences between the baseline configuration and those described in 
the sections below, were the modifications to the base of the trailer. The gap be-
tween the tractor and trailer was always kept constant and was typical for Euro-
pean tractor-trailers. The drag of this configuration at ψ = 0° was measured at  
CD = 0.477. 
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4 Long Base Flap Configuration without AFC 

 
The drag reduction geometry and generic model used here were designed and 

investigated by Zühlke [10]. In his studies the base flaps were attached to all 4 
sides of the trailer without any gap or step and no AFC was applied. The flap 
length of 63mm corresponded to one quarter of the trailer width. This length was 
chosen as it is a good compromise between length and drag reduction [1]. How-
ever, it was also shown by Cooper [1] and Göring [3] that longer flaps can provide 
more drag reduction. The test program carried out by Zühlke [10] consisted of 
several configurations with different deflection angles between 10° and 20°. The 
maximum drag reduction was achieved with flaps deflected by 12°. All results 
presented in this paper were compared with this configuration in order to quantify 
the benefit of additional AFC. For the sake of convenience this configuration is re-
ferred to as “passive long flaps” (PLF) for the remainder of this paper. This pas-
sive configuration showed a drag reduction of ΔCD = 8.22% compared to the base-
line.  Zühlke [10] showed that for deflection angles larger than 12° the drag 
increased again. It is assumed that at higher deflection angles the flow is not able 
to stay attached to the flap resulting in a larger wake. Flow visualisation, per-
formed with china clay and tufts provided some details about the flow behaviour. 
Based on tuft visualization, it was observed that the flow is attached to the whole 
flap surface whereas only the lower part of the side-flaps exhibited a separated 
flow. The visualisations with china clay confirmed these results. The flow is fully 
attached up to the trailing edge of the flap over the whole flap surface. A surpris-
ing observation was that the flow did not separate at the corners where the side 
flaps adjoin the top flap. 

5 Short Base Flap Configuration with AFC 

 
For the configuration with AFC short flaps of 40mm length with a deflection 

angle of 20° were applied. The motivation for these modifications compared to the 
PLF-configuration was to achieve more drag reduction with shorter flaps. The 
combination of a short flap, a higher deflection angle and AFC was intended to 
reduce the wake size. Shorter flaps increase the acceptance of drag-reducing com-
ponents from an industrial viewpoint as the overall truck length is limited in 
Europe. In contrast to the PLF-case the flaps were not directly attached to the 
trailer but rather formed a small slot so that blowing or suction could be employed 
(Fig. 5.1). The trailing edge of the trailer was formed by an aluminium skirt with a 
thickness of 1mm. This arrangement resulted in a slot width of bslot=1mm between 
the skirt and the flap surface. The slot extended over the top and both sides of the 
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trailer whereas the bottom side was only equipped with a flap without any gap. At 
the upper corners of the trailer where the side flaps adjoin the upper flap no slot 
was implemented along a length of 20mm as this area was needed to fasten the 
base to the back of the trailer. This reduced the total length of the effective slots. 

Within the test program four different AFC methods were applied: constant 
suction, constant blowing, zero mass flux and oscillating blowing. The intention 
was to investigate their drag reducing effect in combination with the short base 
flap configuration. However, only the CB results are discussed here in detail, as 
the other methods did not produce meaningful drag reduction. 

Equation 5.1 defines volumetric suction rates (Q) as a dimensionless parameter 
CQ, where bslot is the slot height, lslot the total effective slot length, bflap the length 
of the flap, lflap the total length of all flaps and Uj is either the amplitude of the os-
cillatory jet fluctuation or the velocity of the constant blowing or suction. 
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Equation 5.2 defines a dimensionless momentum parameter Cµ. 
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The first method tested was constant suction using the slot configuration de-
scribed above. The underlying mechanism of suction is generally to remove low 
momentum fluid from the boundary layer in order to attach the flow to the flap 
surface. However, CS did not yield any drag reduction for this configuration. 
Therefore further tests were performed with two other orientations of the suction 
slots: suction orthogonal to the trailer surface and suction orthogonal to the flap 
surface. For these two cases longer flaps of the baseline were used. The suction 
rate was increased up to a maximum Cμ of more than 20%. However, these CS-
cases even increased the drag (see Table 5.1). This failure is believed to be caused 
by the rather thick boundary layer at the trailing edge of the trailer which was 
measured to be δ99=40mm.  

The remaining three AFC methods (CB, ZMF and OB) were only applied to 
the short base flap configuration. The ZMF method was realised by using actua-
tors developed at the Illinois Institute of Technology [7] which produces a sinu-
soidal signal. OB means that in addition to the sinusoidal signal produced by the 
actuators a constant blowing volume flow is superimposed. The application of 
ZMF provided only a small drag reduction of ΔCD = 2.52%. Slightly more reduc-
tion was achieved with OB: ΔCD = 3.35%. The best results were achieved with 
CB which was even better than the PLF-case. This confirms the idea of using a 
short and more deflected flap in combination with AFC. However the necessary 
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blowing corresponded to a very high value of Cµ = 11.13%. The jet blowing ef-
fect, which was accounted for in the drag values, was in this case 0.75% of the 
drag coefficient.  

Table 5.1 Drag values and AFC parameters, ψ = 0° (* CD-value without AFC, ** ΔCD = (CD – 
CD,BL)/CD,BL with CD,BL = 0.477) 

Configuration CD [ ] ΔCD ** Cµ [%] CQ [%] 

CS parallel to the trailer surface 0.487 2.10 % - 1.76 

CS orthogonal to the trailer surface 0.496 3.98 % - 1.76 

CS orthogonal to the flap surface 0.489 2.52 % - 1.76 

Baseline Configuration (BL) 0.477 - 0 - 

Long Base Flap Configuration without AFC 0.438 -8.22 % 0 - 

Short Base Flap Configuration 
with AFC (CB) 

0.435 (0.470*) -8.81 % 11.13 - 

 
In Table 5.1 the drag values obtained for ψ = 0° are summarized for the differ-

ent methods investigated. To get a better understanding of how the short flaps with 
CB influence the wake of the trailer, visualizations with china clay, LDV and PIV 
measurements were performed. With the results a comparison of the flow behav-
iour with and without blowing is discussed in the following. Measurements were 
made at Cµ = 0% (no blowing) and at Cµ = 11.13%, which provided the highest 
drag reduction 

At first visualisations with china clay were carried out to see if the flow at-
tached to the flap surface. The free stream velocity was U∞=38m/s and the yaw 
angle was ψ=0°. For the case with no blowing Fig. 5.1 shows that the flow is not 
attached. It seems that the flow separates right at the trailing edge of the trailer 
where there is a gap similar to the baseline configuration (not shown here). Al-
though the flow is not attached a small reduction in drag of ΔCD= -1.47% was 
measured.  

The visualization in Fig. 5.2 shows clearly how the flow field is affected when 
constant blowing is applied. The flow attaches for approximately 2/3 of the flap 
length. The surface streamlines visualized with china clay indicated an axial flow 
on the flap except at the corners. At the corners, where the top and side flaps ad-
join, the streamlines indicate a vortex. This is attributed to the lack of slots for 
blowing at the corners. 
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  Fig. 5.1 No blowing               Fig. 5.2 Blowing with Cµ = 11.13% 

The vortex at the left corner rotates in clockwise direction. Further testing should 
be performed with an improved blowing slot, which allows AFC also at the cor-
ners to avoid the development of these vortices because they generate a low pres-
sure area near the base. Low base pressures leads to an increased pressure drag. 
These vortices were only observed on the short flaps as flow visualization with 
china clay on the long flaps with no AFC (not shown here) indicated that no vor-
tices were generated. In that case the flow was fully attached also at the corners. 

It is worth noting that the flow even reattaches on the flap directly behind the 
slot at the beginning of the flap surface although there is a gap of 2mm between 
the surface of the trailer (aluminum skirt) and the surface of the flap. Fig. 5.2 was 
obtained at the optimum blowing rate. Higher blowing rates led to an increase in 
drag. It is not clear if a lower deflection angle leads to a fully attached boundary 
layer with better results than the 20°-configuration. Therefore further parameter 
studies have should be performed. 

Quantitative results obtained with a 2D-LDA-System are presented below. The 
coordinate system used here is equal to that in Fig 2.1. The LDA-Probe was posi-
tioned underneath the wind tunnel and allowed measurements through a piecewise 
transparent floor for a y/H > -0.05 (y=0 corresponds to the centre line of the 
model).  
LDA contour plots of the mean and fluctuation axial-velocity components (Fig. 
5.3) are shown for x/H = 0.825 behind the trailer with view towards the rear end of 
the trailer. Because of the symmetric flow field, data for only one half of the 
trailer is shown. The black marking lines inside the plots define the right half of 
the trailer contour. Note that in the range of 0.325 < y/H < 0.45 and 0.7 < z/H < 
0.75 the data is erroneous due to an increase of scattered laser light resulting in a 
poor signal-to-noise ratio, and therefore should be ignored. 

The contour plots of the non-dimensionalized mean axial velocity U/U∞ in Fig. 
5.3 show that CB entrains high speed fluid from above the trailer down into the 
wake region. Thereby the dead air is moved down which leads to decreasing ve-
locities in the lower regions.  

 
 

Cµ = 11.13% Cµ = 0% 
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Fig. 5.3 Non-dimensionalized mean axial velocity distribution, U/U∞, in the wake of the trailer at 
x/H = 0.825. The trailer is indicated by the solid line. 

The different flow behaviour on the upper corner (see black ellipse) is due to 
the fact that no CB was applied there. It seems that the vortices, which were ob-
served with the china clay visualization, influenced this part of the separation area 
strongly.  

Additionally, CB leads to an increase of the wake extension in y-direction 
which is expected to have a negative effect with regard to the drag. The investiga-
tions of the long base flap configuration with no AFC also showed a flow separa-
tion on the bottom of the side flaps. Perhaps the ground flow influences the re-
maining flow field behind the trailer in a negative manner. It is speculated that the 
only reason why CB in combination with the short flaps has a drag reducing effect 
only because of the reduced wake in the upper region of the flow field.  

The analysis of the contour plots of the axial fluctuations, Urms, shown in Fig. 
5.4 underlines the above interpretations. The upper region of the trailer wake is the 
most influenced area, where the turbulence level is significantly decreased, i.e. 
free stream fluid is moving downwards. The whole upper region, y/H≈0.9-1.1, of 
the trailer wake shows low turbulence levels whereas the corner region contains 
higher turbulence levels (see white ellipse in Fig. 5.4). 
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Fig. 5.4 Non-dimensionalized fluctuating axial velocity component, Urms/U∞, in the wake of the 
trailer at x/H = 0.825 

The LDA data of Fig. 5.3 and 5.4 were made with 11x22=242 measurement 
points whereas Fig. 5.5 consists of 12x12=144 measurement points. 
Fig. 5.5 shows the results of other LDA measurements take from the side of the 
wind tunnel. The figures show an x-z-plane at y/H= 0.05. The range was limited to 
the upper part of the trailer.  

Without CB the flow seems not to be influenced by the flap. The contours of 
the axial velocity are essentially parallel to the upper trailer surface. The increas-
ing velocity field at higher x/H-values is due to the mixing within the shear layer. 
Surprisingly, without control there region with a relatively high axial velocity 
somewhat below the flap at z/H≈-0.15. In the LDA results of Figs. 5.3 and 5.4 this 
region was not captured as the measurement were made further downstream at 
x/H=0.825. When control is applied, this region is eliminated. In combination with 
CB the separation area behind the trailer shows a different flow behaviour. The 
flow seems to be attached to the flap surface and high speed flow is deflected 
downwards into the wake. 

However, Fig. 5.5 gives no definitive information about the flow behaviour di-
rectly on the flap surface because the resolution of the measurement grid was not 
fine enough.  

   



188      C. Nayeri et al. 

 

Fig. 5.5 Contours of the non-dimensionalized mean axial velocity component, U/U∞, in the x-z-
plane at y/H=0.05 

5.6. The data is based on PIV measurements and is averaged over 200 samples. 
The plots show that when no AFC is applied the shear layer between the free 
stream (indicated by the vorticity) and the wake region is orientated parallel to the 
axial direction. The vectors indicated a large area with recirculation. When con-
stant blowing is activated a strong deflection of shear layer downwards takes 
places. This is consistent with the results of the LDA-measurements (in the PIV 
case the measurement grid is much finer). Moreover, the size of the recirculation 
area is decreased. The strong reverse flow which existed in the passive case disap-
pears with CB activated. 

The vector field and the mean spanwise vorticity (ωy) field are plotted in Fig. 
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Fig. 5.6 Mean vector and spanwise vorticity field. The axial extension of the area shown corre-
sponds to 0.4 y/H. a) Cµ = 0%; b) Cµ = 11.13% 

6  Concluding Remarks 

The present study considered the combined effect of passive and active drag 
reducing methods applied to a generic model of European tractor-trailer. It was 
shown that short base flaps combined with constant blowing through a slot at the 
trailing edge of the trailer could achieve a higher drag reduction than 36% longer 
flaps without active flow control. However, it appears that there is more potential 
for drag reduction as the effective slot length for blowing was not optimal. Further 
investigations should address this point. It is believed that the necessary momen-
tum coefficient Cµ = 11.13% can be reduced this way. The results also showed 
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that the flaps at the sides of the trailer were not as efficient as the flap at the top as 
they did not reduce the size of the wake in the spanwise direction. This could be 
attributed to the combination of two adverse effects: the vicinity of the ground 
(wind tunnel floor without a moving belt) with its boundary layer and the short ef-
fective length of the blowing slot.  Both effects can reduce the effectiveness of the 
blowing as they disturb the flow. 

The flow region at the lower region of the wake where the interaction between 
the boundary layer of the ground and the wake takes place needs also to be stud-
ied.   
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Advanced Aerodynamics and Cooling System 
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Abstract   Auxiliary load systems, fuel and lubrication systems, and cooling sys-
tems are an integral part of any truck, and contribute to the overall design and en-
ergy use/management. Research and development appropriate to this topic include 
advanced aerodynamics, heat exchanger technologies, heat pipe/two-phase flow 
systems, advanced pumps and compressors, and other advanced thermal and fluid 
management concepts to improve electric powertrain cooling, enhance drivetrain 
performance, reduce energy usage, improve system energy management, and re-
duce component and system weight, volume, and aerodynamic drag in hybrid 
power trains and hybrid vehicle systems. The current study presents a cooling sys-
tem and vehicle aerodynamics integration through the substitution of more effi-
cient hardware and better integration with existing vehicle systems. Several aero-
dynamic add-on devices are tested for drag reduction. Practical vehicle designs are 
developed and software simulations are conducted to determine improvements in 
aerodynamic efficiency. Coastdown testing is conducted to determine the drag re-
duction achieved with aerodynamic modifications. Weight reduction and energy 
consumption improvements projected for a practical aerodynamic refuse vehicle 
are calculated. Improved aerodynamics and cooling system designs are integrated 
into the current vehicle technology and tested to quantify the benefits. 
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Abstract   A new procedure for optimization of aerodynamic properties of trains 
is presented. Instead of large number of evaluations of Navier-Stokes solver, sim-
ple polynomial response surface models are used as a basis for optimization. The 
suggested optimization strategy is demonstrated on two flow optimization cases: 
optimization of the train’s front for the crosswind stability and optimization of 
vortex generators for purpose of drag reduction. Besides finding global minimum 
for each aerodynamic objective, a strategy for finding a set of optimal solution is 
demonstrated. This is based on usage of generic algorithms onto response surface 
models. The resulting solutions called Pareto-optimal help to explore the extreme 
designs and to find tradeoffs between design objectives. The paper shows that ac-
curacy of the polynomial response surfaces is good and suitable for optimization 
of train aerodynamics.  

1 Introduction 

The Swedish national rail administration Banverket has in 2004 launched a new 
research program called “Gröna Tåget” (Eng. Green Train). One of the aims of 
this program is to develop a new high-speed train for Nordic conditions (meaning 
strong winter, large temperature differences during the year and sparsely popu-
lated region). Although the maximal speed of the new train will be 250 [km/h] 
compared with 200 [km/h] for the existing Swedish high-speed train X2000, the 
energy consumption for propelling the train should decrease by 20 30%− . Be-
sides, the aero-acoustic noise generated by the new train must not increase or even 
better should decrease. However, the aerodynamic drag increases with speed by 
power of two and aero-acoustic noise by power of six. The new train needs also to 
be lighter in order to reduce energy requirement. Although trains in past were 
probably unnecessary heavy, cutting in weight must be done with largest possible 
care in order to retain train’s stability. This cannot be done without careful 
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consideration of crosswind stability. Another way to achieve drag reduction is to 
use some form of flow control, active or passive, ones the shape optimization has 
reached its limitation due to practical constrains. Design and placing of devices for 
flow control can be done in almost infinite number of ways and even here an intel-
ligent optimization strategy is required. External aerodynamic consideration of 
modern high-speed trains is not constrained to drag, stability and noise but in-
cludes also upraise of ballast, slipstreams, design of air-conditioning inlets etc. 
This makes optimization of aerodynamic properties of trains a true multi-objective 
optimization problem (MOP). The present paper describes the efforts of the author 
to develop a numerical technique that is capable of finding one or even better a set 
of optimal designs of trains or its parts (e.g. train’s front or flow control devices). 
Several aerodynamic objectives are known to be in conflict. For example, a shape 
of a vehicle with low drag produces often high lift. Well rounded fronts of trains 
which are beneficial for drag reduction can deteriorate lateral stability. The reason 
for this is that the rear of the train is identical with its front and rounded rear pro-
duces position of separation that varies in time and as such produces oscillating 
lateral forces [1,4].  

2 Optimization Approach 

The optimization strategy suggested in the present paper is based on construc-
tion of simplified models called metamodels or surrogate-based models. The idea 
is to investigate the behaviour of the aerodynamic objective functions in the de-
sign domain using evaluation of Navier-Stokes solver (denoted NS in the follow-
ing text) in small sequence of design points. The design points chosen for NS 
simulations are not chosen in random but using special strategy called design of 
experiments (DOE). Ones the results from NS simulations are available the con-
struction of metamodels can begin using regression technique. There are several 
different metamodels but the present paper deals only with so called polynomial 
response surfaces (PRS) which are low order polynomial functions. Finally, the 
optimization itself is now based on the resulting PRS models and not on actual NS 
evaluations. This results in a radical simplification of the optimization procedure 
as the global behaviour of aerodynamic properties is represented with simple poly-
nomials instead of complex evaluations of non-linear differential equations. A 
metamodel is model of a model and the natural question is if the simplification 
made in such a model has filtered to much information making it unsuitable for 
aerodynamic optimization applications. The aim of the present paper is to investi-
gate this.  
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2.1 Choice of design variables 

Greatest care should be given to the choice of design variables that will be var-
ied in the optimization procedure as their number defines the number of required 
NS evaluations and thus computer effort required. There are today two competing 
approaches for description of designs. The first one is based on prescribing limited 
number of points on the surface of the body controlling the geometry and than 
prescribing rules for change of their coordinates in space. This is implemented in a 
CAD toll which than provides required number of designs. Ones the geometries 
are available they are transferred into a meshing tool that produces numerical grids 
for NS solver. The second approach is using so called morphing tools directly on 
the grids used for NS simulations. In this approach changes in the grid are gov-
erned by rules defined in the morphing tool. Again, the user prescribes these 
changes in the grid using limited number of points that in turn govern changes in 
larger sets of computational cells. Although there is large activity in development 
of these tools there is yet no tool that is sufficiently robust and that provides nec-
essary flexibility in the design process or accuracy in the resulting computational 
grids. Therefore the present paper uses simple description of designs in terms of 
physical design variables such as lengths, angles and radiuses.  

In the present work two shapes are optimized, train’s front and vortex genera-
tors.  

2.1.1 Crosswind stability 

The aim of the first case is to optimize the shape of the front of a generic train 
for the crosswind stability. The shape of the train is the one studied in experiments 
by Chiu and Squire [2] and numerical studies by Hemida and Krajnović [6] and 
[7] .The profile of the cross section of this model is defined by the equation  
 n n ny z c| | + | | =  (1) 

The coefficient of curvature, n , varies linearly along the front of the train ac-
cording to the equation:  

 
2 qn z q

b
−= +  (2) 

where q  is the value of n  at the body of the train, far from the front and b  is the 
length of the front. The second equation that describes the shape of the front from 
a lateral side is  

 
2 2

2 2 1z y
b c

+ =  (3) 
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Here, b  is the length of the front, 2c h= /  and 3 0h = . [m] is the height of the 
train (see Fig. 1b). The length of the train excluding the front and the rear (which 
are identical) is 30 [m]. 

 
Fig. 1 a) Computational domain for the case of train influenced by a crosswind at 90o  yaw an-
gle. b) Shape of the front of the train from a side and from in front of the train. 

 
The design constraints were 0 64 1 28h b h. ≤ ≤ .  and 4 6n≤ ≤ . Such con-

strains were chosen in order to represent realistic length of the nose and the round-
edness of the cross section of the train. The choice of the length of the train’s front 
was in particular chosen to represent different rail vehicles from a commuter train 
to a high-speed train. The flow at 90o  yaw angle of the crosswind is studied in 
the present paper. The computational domain and the train are shown in Fig.1. A 
constant velocity U∞  of 25 [m/s] is used at the inlet of the computational domain. 
Wall functions are used at tunnel walls and on the surface of the train while the 
outlet velocity condition was homogeneous Neumann.  

The origin of the coordinate system is located in the centre of the cross section 
of the train body and on the later wall where the train was mounted. Objective 
functions in the present paper are drag force coefficient DC , rolling moment coef-

ficient MRC  and yawing moment coefficient MYC . Drag force is the force in the 
z  direction while rolling and yawing moments are moments acting around z  and 
y  axis, respectively. The moment canter is chosen to be at 1 26x = . , 

1 95y = − .  and 0z =  which is approximate position of the contact of one wheal 
with the track. When computing the moment coefficients the reference length and 
cross-sectional area of the train are chosen as 3l =  [m] and 10A =  [m/s], re-
spectively, following the practice in train aerodynamics. However the exact cross-
sectional area of the train normal to z  direction was used for computation of drag 
coefficients.  
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2.1.2 Flow control 

The second shape that is optimized in the present work is that of vortex genera-
tors (VG) placed on the rear of an ICE 2 high-speed train with the purpose of de-
crease of pressure drag (Fig. 2). Vortex generators act as small wings producing 
longitudinal tip vortices shown in Fig. 2b. The function of these longitudinal vor-
tices is to sweep the high energy air from the inviscid portion of the flow-field or 
higher portion of the boundary layer to the inner parts of the boundary layer. As 
the energy is added from the high-energy air to the retarded air inside the bound-
ary layer, the separation is delayed leading to an increased base pressure and lower 
drag of the train. In the present study a relatively short train is used containing 
only 1 25.  car lengths of a real ICE2 train. Due to such a short train, the aerody-
namic drag is dominated by the pressure drag and we expect the vortex generating 
devices to decrease the total drag.  

Fig 2 a) An example of VGs used in the present study with two design variables, α  and H . b) 
The resulting flow over the rear of the train. An isosurface of streamwise vorticity component 

xω  and streamlines produced from the cores of vortices behind the vortex generators are shown 
on the right and the left side of the figure, respectively. The body of the train is coloured with the 
surface pressure. 

 
The shape of VGs is shown in Fig. 2a and in the present study two design 

variables: the height, H , of the VG and the angle, α , of the upstream slanted 
surface of VGs were varied. The design constraints were at first set as 6 [cm] 

H≤ ≤  30 [cm] and 24 46o oα≤ ≤ . However, later two additional designs 
were added with the height 38H = [cm], to original six designs. The inlet and 
the floor boundary condition was 56 [m/s] corresponding to 200 [km/h]. The roof 
and the lateral walls were treated as slip surfaces while the outlet was 
homogeneous Neumann boundary condition for the velocities. Wall functions 
were used as boundary condition on the surface of the train.  

The objective functions for VG case were drag and lift coefficients. Although 
the aim is to reduce drag the lift force should not become to large to deteriorate the 
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train’s stability. Thus the problem was treated as a multi-objective optimization 
problem. 

2.2 Exploration of the design space  

In the present study center composite design (CCD) was used as DOE. The two 
DOEs are presented in Figs. 3 and 4, for the optimization of the front of the train 
and the VGs, respectively. Nine designs were first used for optimization in both 
cases. However, the number of designs for VGs was later increased to eleven. 
Here 1x  and 2x  are design variables normalized between 1−  and 1 and between 

1−  and 1 67.  in case of optimization of train’s front and VGs, respectively. 

 
Fig 3. Canter composite design for the optimization of the front of the generic train. 

 
Fig 4. Canter composite design for the optimization of the VGs. 

 
Reynolds-Averaged Navier Stokes (RANS) simulations were performed using 

the standard k −  model in optimization of train’s front. However, four different 
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turbulence models were used for optimization of VGs. These are the standard 
k ε− model, the RNG k ε−  model, the realizable k ε−  model and the 
Reynolds Stress Model (RSM) and tehy were all implemented in commercial 
solver Fluent 6.3. The standard k ε−  model was found to produce poor results 
for VG case. On the other hand the RNG k ε−  and the RSM model produced too 
much numerical noise due to incomplete convergence which prevented 
construction of a reasonable fit of RSs in the DOE points. Thus, only the results of 
simulations using the realizable k ε−  are presented in the present paper for VG 
case.  

2.3 Polynomial response surface approximation 

The approximation of the true response in a PRS is represented by low order 
polynomials which in the present paper are quadratic. A quadratic RS model reads  

 2
0

1 1 1

ˆ
n n n n

i i ij i j ii i
i j i j i

C x x x xβ β β β
= = < =

= + + +∑ ∑∑ ∑  (4) 

where n  is the number of design variables and i ii ijβ β β, ,  are the regression 
coefficients. The regression coefficients are determined by a least square 

regression. The RS can be expressed in matrix notation as bxTC=ˆ  where 
1( )T T−=b X X X y  and X  is the matrix containing the experimental designs.  

In order to measure the goodness of fit both the coefficient of multiple 
determination 2R  and R -square adjusted ( 2

aR ) were used in the present work. 

The coefficient of multiple determination 2R  measures the fraction of variation in 
data captured by response surface.  
 2 1R T E TR SS SS SS SS= / = − /  (5) 

where ESS  is the sum of squared approximation errors at the pn  sampling 

points, TSS  is the true response’s sum of squared variations from the mean C , 

and RSS  is the approximation’s sum of squared variations from the mean, i.e.  

2 2 2

1 1 1

ˆ ˆ( ) ( ) ( )
p p pn n n

i iE i T i R T Ei i
i i i

SS C SS C SS SS SSC CC C
= = =

= − , = − , = − = −∑ ∑ ∑  (6) 

 
A better suited measure for assessing predictive accuracy is the R -square 

adjusted ( 2
aR ) defined as  
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1

( 1)
E p

a
T p

SS n n
R

SS n
β/ −

= −
/ −

 (7) 

where nβ  is the number of regression coefficients. Both 2R  and 2
aR  range 

between zero and one, and the higher value indicate better predicting accuracy of 
the response surface.  

Although the full model was fitted at first, it is possible that this is not an 
appropriate model, i.e. it is possible that a model based on a subset of regressors in 
the full model may be superior. In the present work, a backward elimination 
procedure based on the t  statistic is used to discard terms and improve the 
prediction accuracy. The t  statistics of the fitting coefficient is defined as its 
value divided by an estimate of the standard error of the coefficient.  

In the backward elimination we begin with a model that includes all candidate 
regressors (i.e. full quadratic model in the present work) and than the partial t  
statistics are computed for all regressors as if they were last to enter the model. 
The smallest of these partial t -statistics is compared with preselected value, outt  

and if it is less than outt , that regressor is removed from the model. A rule of 

thumb saying that regressor terms with absolute value of t  larger than 2  are 
significant at a 95%  confidence interval, was used in the present paper. Thus the 
regressor terms are removed from the model if regressor’s t  is smaller than 2  
and if 2

aR  increases after regressor’s removal.  

2.4 Variable selection and backward elimination 

This chapter demonstrates improvement of models (in form of PRS) using 
backward elimination procedure.  

According to Table 1, the full quadratic response surface model for the drag 
coefficient has 2

aR  of 0 9850. . Determination of the mixed-term regressor 12β  

involves a large standard error (exposed by 0t =  in Table 1). Discarding this 
term leads to an increase of 2

aR  to 0 9888. . Thus elimination of this term 

improves the fit. The quadratic-term regressor 11β  has also 2t < . However, 

discarding this term leads to reduction of 2
aR  to 0 9865.  and the regressor 11β  is 

not removed from the model. Thus the best quadratic PRS of the drag coefficient 
is  
 2 2

1 2 1 2ˆ 1 33 0 06 0 02 0 01 0 05D x x x xC = . + . − . − . − .  (8) 
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2.4.1 Improvement of the model for the case of the train’s front 

Table 1 Backward elimination procedure for response surface approximation of the drag 

coefficient. Optimization of the train’s front at 90o  yaw angle. 

Coefficient  t  
(full)  

t  
( 12β− ) 

t  
( 11β− )  

0β   231.41 267.21 313.86 

1β   20.15 23.27 21.24  

2β   -5.83 -6.74 -6.15  

12β   0  –  –  

11β   -1.22 -1.41 –   

22β   -9.49 -10.96 -10.00 

Removed regressors 2R  2
aR   

—-  0.9944 0.9850  

12β   0.9944 0.9888  

11β   0.9916 0.9865  

 
Similar procedure of backward elimination is made for the rolling and the 

yawing moment coefficients. The results of the procedure are presented in Tables 
2 and 3 and the resulting PRS model are  
 2 2

1 2 1 2ˆ 1 75 0 11 0 04 0 04 0 1MR x x x xC = . + . + . − . + .  (9) 

 2 2
1 2 1 2ˆ 7 75 0 76 0 3 0 05 0 87MY x x x xC = . + . + . − . + .  (10) 

Contour plots of PRS in Eqs. 8,9 and 10 together with their global minima are 
presented in Fig. 5.  
Minimization of PRSs was performed using constrained nonlinear optimization in 
MATLAB. The ˆ DC  obtains its minimal value of 1 188.  at 4n =  and 

3 84b = . [m], i.e. for the longest and most rounded train. On the other hand the 
optimal ˆ MRC  and ˆ MYC  are obtained for the most rounded train with an 

intermediate length of 2 70b = .  [m] and 2 71b = .  [m], respectively. The 
minimal ˆ MRC  and ˆ MYC  found for these designs are 1 6.  and 6 92. , respectively. 
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Table 2 Backward elimination procedure for response surface approximation of the rolling 
moment coefficient. 

Coefficient  t (full) t  ( 12β− ) t  ( 11β− ) 

0β   85.42 98.63  97.37  

1β   9.95 11.49  8.91   

2β   3.27 3.77  2.92   

12β   0  –  –  

11β   -1.80 -2.08  –   

22β   5.15 5.94  4.60   

Removed regressors 2R  2
aR    

—-  0.9789 0.9438  

12β   0.9789 0.9579   

11β   0.9562 0.9299   

 
Table 3 Backward elimination procedure for response surface approximation of the yawing 
moment coefficient. 

Coefficient  t (full) t  ( 12β− ) t  ( 11β− ) 

0β   183.17 195.92 234.33  

1β   32.65 34.92  32.50  

2β   13.02 13.92  12.96  

12β   0.71 –  –  

11β   -1.25 -1.33  –   

22β   21.55 23.05  21.45  

Removed regressors 2R  2
aR    

—-  0.9982 0.9953   

12β   0.9979 0.9959   

11β   0.9970 0.9953   
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Fig 5. Contour plot of response surfaces for ˆ DC  (solid line), ˆ MRC  (dashed line) and ˆ MYC  

(dashed-dotted line). Minimal values of ˆ DC , ˆ MRC  and ˆ MYC  are denoted with DX , MRX  

and MYX , respectively. 

2.4.2 Improvement of the model for the case with VGs 

Table 4 Backward elimination of the polynomial response surface approximations for VG case. 

 Removed terms 2R   2
aR   

− − −   0 9231. 0 8461.2nd order 
PRS  
for DC   12β   0 9144. 0 8573.

 
22β   0 8824. 0 8320.

 Removed terms 2R   2
aR   

− − −   0 9259. 0 8517.2nd order 
PRS  
for LC   11β   0 9259. 0 8765.

 
12β   0 9259. 0 8941.

 
The original RS was a second-order polynomial that was constructed over the 

design domain 6 [cm] H≤ ≤  30 [cm] and 24 46o oα≤ ≤ . Ones the PRS 
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were constructed, it was found that the minimal value of ˆ DC  was at the edge of 

the design domain. Thus, two additional designs with 38H = [cm] were added to 
the original six designs (black dots in Fig. 4). Also here t  statistics were used to 
eliminate the regressors with insignificant or damaging influence onto the re-
sponses. Table 4 shows that 2

aR  for complete 2nd order PRS for ˆ DC  and ˆ LC  are 

0 8461.  and 0 8517. , respectively. This was slightly improved to 0 8573.  and 
0 8941.  for ˆ DC  and ˆ LC , respectively, using backward elimination procedure. 
The PRS models produced the optimal designs for both objective functions for 
vortex generator with maximal height and smallest angle (Fig. 6). 

 
Fig 6. Contour plot of response surfaces for ˆ DC  (solid line) and ˆ LC  (dashed line) for VG 

case. Minimal values of ˆ DC  and ˆ LC  are denoted with DX  and LX , respectively. 

2.5 Validation of metamodels 

Beside the measure of fit described above, another test in form of verification 
of the accuracy of the model prediction can be performed on the constructed 
metamodel in order to ensure its accuracy. This is done by constructing a new de-
sign that was used for the construction of the model and perform new computer 
experiment. The objective functions provided from this new simulation are then 
compared with the model prediction. For the purpose of validation of PRS ap-
proximations for the case of the train’s front, flow around an additional train with 

4 015n = .  and 3 52b = . [m] was simulated. NS simulation of this new design 
resulted in following drag and moment coefficient: 1 203DC = . , 1 731MRC = .  
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and 7 892MYC = .  compared with responses ˆ 1 224DC = . , ˆ 1 675MRC = .  and 

ˆ 7 542MYC = .  resulting from Eqs. 8-10. Thus the relative error between the NS 

simulated and the modeled objectives were 1 8%. , 3 2%.  and 4 4%.  for the 

DC , MRC  and MYC , respectively. For the VG case, the design with maximal 
height and minimal angle was evaluated using NS simulation. This design point is 
located outside the DOE and the accuracy of the RS’s approximation here is not 
expected to be large. The resulting DC  value was found to be 0 1068.  compared 

with ˆ 0 1006DC = .  resulting from PRS model. Thus the modelling error was ap-

proximately 5 8%. .  

3 Optimization Based on Metamodels 

The multi-objective problem of the train’s front resulted in both objectives with 
optimal values for the same design. For a short train used in the present paper a 
drag reduction of approximately 5%  was achieved using the optimal design of 
VGs. However objectives were in conflict for VG case and this MOP was solved 
using an evolutionary multi-objective optimization procedure (so called real-coded 
genetic algorithm NSGA-II) by Deb et al. [3]. Running this genetic algorithm 
together with computer experiments (NS simulations) would be extremely 
computer demanding. However, since the metamodels for each objective are 
available in form of simple polynomial expressions, the evaluation of generic 
algorithm is fast and efficient. The objective of such an algorithm is to find 
solutions (in form of combinations of objectives) such that there is no other 
solution for which at least one objective has better value while values of 
remaining objectives are the same or better. Solutions obtained using this 
optimization procedure are called Pareto-optimal. The parameters chosen for the 
NSGA − II simulations are presented in Table 5.  
 
Table 5 Parameters used for the NSGA − II simulation. 

Population size  100   
Generations  100   

Crossover probability  0.9   
Distribution parameter (for crossover) 20   

Mutation probability  0.25   
Distribution parameter (for mutation) 20   

 
A population of hundred train designs were regenerated hundred times result-

ing in hundred Pareto-optimal solutions shown in Fig. 7a. Rolling and yawing 
moment coefficients tend to produce very similar optimal designs while drag 
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coefficient is in conflict to these two moment objectives. Figure 7a shows the 
Pareto optimal set of the three objectives. Note that the objectives on the axis are 
scaled due to relatively small changes in optimal designs. Pareto optimal solutions 
of two objectives in conflict ˆ DC  vs. ˆ MRC  presented in Fig. 7b show for example 

a reduction of 4%  in drag by changing design results in an increase of rolling 
moment coefficient of 6% .  

 

Fig. 7 a)Pareto optimal solutions for 4ˆ( 1 259) 10DC − . × , 4ˆ( 1 599) 10MRC − . ×  and 
4ˆ( 6 917) 10MYC − . × . b) Pareto optimal solutions for ˆ DC  vs. ˆ MRC . 

4 Discussion 

The present paper shows that optimization of train’s aerodynamics can be done 
using simple polynomial response surfaces instead of complex NS simulations. 
Although only a first attempt is presented, a fairly good accuracy of objective 
functions was achieved with only second order PRSs. However, there are other 
metamodels available such as radial basis neural networks (RBNN) or Kriging 
models. It is reasonable to expect that these or some blend of these models will 
provide even better fit with the data and accuracy of the model than pure PRSs. 
Two optimization cases presented here illustrate the importance of choice of tur-
bulence models in NS simulations on the optimization. Unfortunately the weak-
ness of the Reynolds-Averaged Navier-Stokes simulations reflects on the optimi-
zation results. Besides, convergence problems often prevent reasonable fit of 
response surfaces with the data in DOE making them useless for the optimization 
purposes. On the other hand models such as standard k −  which almost always 
converge can produce inaccurate metamodel. In wait for a tremendous increase of 
computer power required for time-dependent NS simulations an appropriate trade-
off between the accuracy and fit of metamodels with RANS data must be made. 
Making the optimization process automatic is of highest priority for putting the 

ε
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suggested technique into production. Providing computational grids for designs in 
DOE is the Achilles heel of any such attempt. Hopefully new morphing and CAD 
tools will overcome this problem.  
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Design Considerations for Maximizing Cooling 
Package Performance 

Bhaskar Bhatnagar, Dan Schlesinger 

Freightliner LLC, USA 
bhaskarbhatnagar@freightliner.com 

Abstract   More stringent heavy vehicle emissions legislation demands considera-
bly higher performance out of engine cooling systems. Presented is a study of 
various design parameters that can be used to maximize the cooling airflow for a 
Freightliner Class 8 truck. CFD analysis was used to analyze various fan shroud 
profiles, different fan immersions (overlap between the fan and fan shroud) and 
with two different engines. All of these design parameters lead to significantly dif-
ferent flow behavior inside the fan shroud and in the underhood region, in turn 
creating adverse or favorable pressure gradients. A series of isothermal CFD simu-
lations are used to determine the effects of these flow characteristics on the radia-
tor mass flow. For one of the simulation setup the predicted radiator coolant inlet 
temperature is compared to measured physical test data at different fan speeds. 
The methodology for the optimization of the cooling performance is outlined. It is 
shown that the presented simulation approach can provide accurate predictions of 
cooling airflow and coolant temperature. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Optimization and Correlation of a Class 8 
Truck Cooling System 

Clinton Lafferty, Kevin Horrigan, Ales Alajbegovic 
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Abstract   Development in engine technology to meet recent heavy vehicle emis-
sions legislation has increased the demand on heavy vehicle cooling systems.  The 
use of PowerFLOW®, a commercial computational fluid dynamics (CFD) soft-
ware, allows a product development team to access a variety of cooling system 
improvements with no impact to the vehicle external appearance. This paper pro-
vides an overview of the PowerFLOW® modeling process and the results for sev-
eral studies involving modifications to engine and cooling system parts. The de-
sign changes include the repositioning of the exhaust gas recirculation (EGR) 
cooler, changes to the fan diameter and position, and modifications to the exit 
shape of the shroud. Initial work focused on increasing cooling air mass flow and 
used a body force fan model with isothermal calculations. Results indicated only 
minimal changes with the EGR cooler repositioning, however, fan modifications 
resulted in a 13 percent cooling air massflow increase. The impact of the fan 
shroud exit shape on fan blade tip loss was computed with a multiple reference 
frame (MRF) fan model.  Finally a detailed cooling system correlation study was 
performed involving a comparison to isothermal air mass flow rates and later 
thermal calculations involving heat exchangers modeled with PowerCOOL®. 
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Aerodynamic Improvements and Associated 
Energy Demand Reduction of Trains 

Alexander Orellano and Stefan Sperling 

Bombardier, Center of Competence for Aerodynamics and Thermodynamics, Germany, 
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Abstract   The importance for developing energy efficient rail vehicles is increas-
ing with rising energy prices and the vital necessity to reduce the CO2 production 
to slow down the climate change. This study shows a comparison of different train 
types like regional and high-speed trains and provides estimation for improve-
ments of the aerodynamic drag coefficient. Out of this estimation an assessment 
of the associated energy reduction is shown taking into account typical operational 
cycles with acceleration, constant speed and deceleration phases. Traditionally, 
aerodynamic improvements of high-speed trains were in the focus of the engineer-
ing community as the resistance to motion is increasing with the square of the ve-
locity. However, this study reveals that it is necessary to consider regional and 
commuter applications equally. This transport sector is not only the one with the 
highest share in the market but exhibits also much higher potential for aerody-
namic improvements then present day already optimized high-speed trains. 

1 Introduction 

In order to focus the engineers attention to the dominant and therefore relevant 
area related to energy demand reduction it is necessary to first get an overview of 
the energy fluxes and to fix the boundaries and the scope of the investigation. Fig-
ure 1 shows one specific example of the distribution of the traction energy demand 
of an electrical multiple unit covering the energy flux from the power supply sub-
station up to a specific train within the line. A substantial portion of the energy 
provided by the substation to the line is already lost on the way to the train. The 
energy demanded by the train can be subdivided into a part which dissipates to 
heat and a part that is converted to kinetic energy due to the momentum gained by 
the accelerated mass of the train. The part of the energy dissipated to heat is 
marked with EVd. The most important contributors to this part are the aerodynamic 
drag and the losses of the traction system including the cooling devices. This en-
ergy is usually not used anymore and is released to the environment. Principally it 
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would be possible to convert these cooling losses back to electrical energy by an 
appropriate thermodynamic process like Clausius-Rankine or heat absorption 
process. Nevertheless, the efficiency cannot be higher then the Carnot process [1]. 
The temperature difference of the cooling liquid (usually water) to the environ-
ment ranges from 50 to 80 Kelvin which limits the theoretical efficiency of the 
thermodynamic process to be not greater then around 20 % which would lead to 
efficiencies around 10 to 15 % in a practical application. This fact prevents an 
economically justified operation of such a device for water cooling systems of 
trains. The part of the energy converted to kinetic energy can more easily be con-
verted back to electrical power in conjunction with regenerative braking. This is 
common practice in most mainline applications. The rate of energy recovery dur-
ing braking is dependent on the voltage, the relative number of driven axles and 
the capability of the substations control. The part of the kinetic energy which can-
not be transferred back to the line is being dissipated in the brake resistor (EBR). 
This analysis of the losses helps to determine the dominant terms of energy losses. 
However, when it comes to implementation of energy demand reduction technol-
ogy it is important to analyse the decrease of energy demand related to the opera-
tional boundary conditions including speed profile, altitude profile and environ-
mental temperatures. The losses can be divided in the following components:  

• EVI infrastructure losses 
• EVd driving losses 
• EVb braking losses 
• EBR brake resistor losses 

The scope of the present investigation is to analyse the potential to reduce the 
driving losses of the train by reducing the aerodynamic drag of the train. It should 
be also noted that the analysis shown does not comprise the energy used for the 
auxiliaries of the train as e.g. the HVAC system. The energy demand for the 
HVAC system is extremely dependent on the application and on the external at-
mospheric boundary conditions and is not within the scope of the present investi-
gation. The investigation presented here is thus restricted to the driving losses 
only. 
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Fig. 1 Traction energy demand distribution. 

2 Running Resistance 

The total running resistance can be approximated by a quadratic approach, i.e. 
the Davis Formula [2] 

  (1) 

R[N] is the total running resistance in Newton 
v[km/h] is the train speed 
a[N], b[Nh/km], c[Nh2/km2] are the Davis coefficients 
d[N] is the curve resistance and 
e[N] is the slope resistance 
The term a represents the mechanical rolling resistance. The term b is linearly de-
pendent on the velocity and reflects the mechanical resistance and momentum 
losses due to air mass exchange of the train with the environment. The momentum 

 R = a+b * v +c * v2 + d+ e
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losses are mainly associated with the power needed to accelerate the air taken in to 
the speed of the train. The term c represents the classical aerodynamic drag which 
consists of the skin friction and the pressure drag. Typical contributors for the 
aerodynamic drag are [3] 

• head and tail loss 
• skin friction 
• bogies 
• protruding objects 
• pantographs 
• inter-car gaps 
• ventilated brake 
• underbelly friction 

From an engineering point of view it is important to first determine the various 
contributions to the drag coefficient of the vehicle under investigation. The gen-
eral train data for the regional and high-speed train considered within this study is 
given in Table 1. 
 
Table 1 General data of investigated trains 

 

2.1 Rolling Resistance 

The velocity independent Davis coefficient a represents the force which is nec-
essary to roll the train at zero speed on a track. An illustrative model for the A-
coefficient refers to a small slope for the wheel to climb (see Fig. 2). The wheel 
and rail surfaces deform due to the axle load at the point of contact. Accordingly, 
the superstructure of the track deforms in a similar way. The magnitude of this de-
formation depends predominantly on the axle load and the properties of the in-
volved material of the track and the wheel. 
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Fig. 2 Rolling resistance [3].  

2.2 Momentum Resistance 

The mechanical resistance scales linearly with the train velocity. The term is 
separated into two different parts; i.e the actual mechanical resistance (b1) and the 
air momentum drag (b2). The corresponding parts of the Davis formula read 

 b = b1+b2.  (2) 

The b1-term supplements the rolling resistance with respect to modelling the 
wheel/tracksliding friction including brake and transmission drag, the resistance of 
friction bearings, friction inside gear units and suspension-drag contributions. b1 
depends on the specific track design and details of the suspension and transmis-
sion. The air-momentum drag coefficient b2 is dependent on the following pa-
rameters: brake drag, transmission losses and air momentum drag. The air mo-
mentum drag is the energy required to accelerate the mass of air intake, e.g. 
cooling, air conditioning, etc. to the speed of the running train. Thus, b2 exclu-
sively hinges on the amount of exchanged air. 

2.3 Aerodynamic Resistance 

The coefficient for the aerodynamic drag is calculated as follows: 

 
AV

Fc x
d ***5.0 2=  (3) 
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Where Fx is the force in driving direction,  is the air density, V denotes the driv-
ing speed and A represents the reference area which is standardized to be 10m2 
within the train aerodynamics community [4]. Note that the non-dimensional cd 
value is not the same as the c value with dimensions within the Davis formula de-
scribed above. The formula to derive the cd value out of the Davis coefficient is  
 

cd = cDavis * 2 * 3.6 * 3.6 / (ρ *A)  (4) 

 
Fig. 3 Typical  drag distribution for high-speed trains and regional trains. 

Figure 3 gives a general overview of the specific contributions of the different 
components of a typical regional and high-speed train. The figures presented in 
the graph are highly dependent on the specific train under investigation. Neverthe-
less, a typical and electrical or Diesel multiple unit (see Fig. 4) exhibits objects, 
like HVAC, motor coolers, transformers, inverters and other equipment which are 
usually sticking out of the body shell and which are a major source of drag com-
pared to a typical electrical multiple unit high-speed train with smooth surfaces 
and integrated components (see Fig. 5). The ratio between the surface of the train 
perpendicular to the flow direction, i.e. side walls, roof and underbelly, and the 
cross section area determines the relative importance of the skin friction. Thus, for 
high speed trains with approximately 200 m length it is the skin friction which 
dominates the drag. The drag of the regional train investigated here with 4 cars is 
dominated by the front and tail drag and the drag generated by the unshielded roof 
equipment. However, it should be noted that the drag value of one specific part of 
a train is highly influenced by the incoming flow and thus dependent on the sur-
rounding flow which is influenced by near by objects. The engineering approach 
to derive the total drag by summarising the individual drag of different compo-
nents is not taking into account this interrelationship.  
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Fig. 4 Talent II, modern electric multiple unit regional train. 

 
Fig. 5 ICE3, electric multiple unit high-speed train. 
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3 Energy Demand for Typical Driving Cycles 

3.1 Regional Traffic 

The parameters of the regional train used in this study are listed in Table 1. To 
quantify the effect of reducing the aerodynamic coefficient on the energy con-
sumption for regional traffic a driving cycle has been taken into account. This 
study focuses on Dortmund to Münster with 10 stations and 51 minutes journey 
time according to the time table of the German operator “Deutsche Bahn”. Figure 
6 shows the velocity of the train over the time. The total journey time is in our 
study 12 minutes shorter than the time table of the German operator “Deutsche 
Bahn” is telling. The station stopping time is in both cases the same (360 seconds). 
Therefore, the maximum velocity of the train used by the German operator 
“Deutsche Bahn” is not going up to 160 km/h. 

 

 
Fig. 6 Velocity profile of a Regional Train running up to 160 km/h. 

However, the speed profile (see Fig. 6) shows a relatively short time where the 
train is running at maximum speed of 160 km/h which diminishes the importance 
of the aerodynamic drag and increases the relative importance of mass slightly re-
lated to the energy demand. Figure 7 shows the effect on the energy demand of the 
train dependent on the aerodynamic drag. A typical 70 m long regional train ex-
hibits drag values around cd =1.1. Furthermore, Fig. 7 shows the traction energy, 
regenerated energy and the total energy. The traction energy herein stands for the 
energy that can be metered between the line and the train. The regenerated energy 
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is the energy that can be fed back to the line while the train is braking. Therefore 
the train has to be equipped with electrical brakes. Last but not least, the total en-
ergy is the difference between the traction energy and the regenerated energy. 

Figure 7 shows the impact of the aerodynamic drag on the energy demand of 
the regional train running on the reference line described above. It can be seen that 
approximately one third of the aerodynamic drag reduction in percentages can be 
saved in energy for the traction effort. Thus, the relative importance of reducing 
the drag of a regional train is lower compared to a high-speed application. 

 

 
Fig. 7 Impact on the energy demand by varying the aerodynamic drag. 

3.2 High-Speed Traffic 

In order to quantify the effect of reducing the aerodynamic coefficient on the 
energy consumption a driving cycle has been taken into account with in a manner 
analogous to the regional train example above. This study focuses on Frankfurt to 
Köln (Cologne) with 6 stations and 83 minutes journey time according to the time 
table of the German operator “Deutsche Bahn”. Despite the fact that this stretch is 
part of the high-speed line in Germany it should be noted that it exhibits a rela-
tively high number of stops within a short distance. Therefore, the speed profile 
(see Fig. 8) shows a relatively short time where the train is running at maximum 
speed of 300 km/h. This is particularly important as the relative importance of the 
aerodynamic performance of the train related to energy demand is determined by 
the speed of the train and by the frequency of stops. The higher the top speed and 
the lower the number of stops the more important becomes the aerodynamic drag. 
Figure 9 shows the effect on the energy demand of the train dependent on the 
aerodynamic drag. A typical 200 m long high-speed train exhibits drag values 
around cd = 1.1 [5]. On the right coordinate the impact on the journey time is also 
displayed. The journey time decreases with decreasing aerodynamic drag as the 
train is able to accelerate better with reduced drag. 

Figure 10 shows the impact of the aerodynamic drag on the energy demand of 
the train running on the reference line described above. It can be seen that ap-
proximately half of the aerodynamic drag reduction in percentages can be saved in 
energy for the traction effort. 
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Fig. 8 Velocity profile of a High-Speed Train running up to 300 km/h. 

 

Fig. 9 Impact of the aerodynamic drag on the energy demand and the journey time. 
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Fig. 10 Impact on the energy demand by varying the aerodynamic drag  

4 Potential for Reducing the Energy Demand by Drag 
Reduction 

The potential for reducing the drag depends on the train type and on the vehicle 
chosen for reference. Nevertheless, the author will try to quantify the potential in 
terms of percentages of reduction of drag related to present day solutions that can 
be found on the track. The estimated drag reduction potential for a regional train is 
shown in Fig. 11. The biggest potential for improvements can be achieved by an 
optimisation of the head and the tail of the train. The tail drag can be reduced by 
reducing the longitudinal vortices which are produced at the tail of a regional train 
and by introducing a boat tailing shape in order to recover the pressure to certain 
extend. The longitudinal vortices can be reduced by either forcing a separation 
near to the position where they are produced (spoiler) or by keeping the pressure 
gradient in the circumferential direction as low as possible which can be achieved 
by a proper front shape. The potential to reduce the overall drag of a regional train 
is estimated to be around 20-25 %. This drag reduction would lead to an energy 
reduction of about 6-8 %. This in turn would lead to an energy saving of about 
200 MWh/year and train. The assumption is that this train is running 17 hours per 
day on 360 days per year.  

In terms of high-speed trains (see Fig. 12) the potential for improvement is not 
as big as for regional trains due to the fact that this type of trains has already re-
ceived much attention from the aerodynamic community. Nevertheless, the high-
est potential is seen to be the head and tail and a proper design of the bogie cutout 
in conjunction with bogie fairings [6]. The potential for a reduction of the aerody-
namic drag of a high-speed train is estimated to be around 14 %. This would lead 
to energy demand reduction of about 6-8 %. Thus, the potential to reduce the en-
ergy demand by improving the aerodynamics performance is the same for high-
speed trains as for regional trains. 
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Fig. 11 Estimated potential for reducing the drag of a regional train  

 

 
Fig. 12 Estimated potential for reducing the drag of a high-speed train 

5 Conclusions 

The present study shows that when it comes to energy reduction it is first im-
portant to know the distribution of the losses of the various components in order to 
focus the attention to the dominant losses. Secondly, it is important to define an 
operational cycle and proper boundary conditions in order to be able to simulate 
the effect of implementing technical measures on the averaged energy demand 
during a typical operational cycle. This study shows that a considerable amount of 
energy is being dissipated to heat and therefore lost due to the aerodynamic resis-
tance of a train. Additionally, this study shows that aerodynamic drag is not only 
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important for high-speed train applications but that the reduction of aerodynamic 
drag is equally important for regional train applications. This is due to the fact that 
the potential for reducing the drag of a present day high-speed train is considera-
bly lower then the potential of a reducing the aerodynamic drag of a present day 
regional train. 
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Abstract   The development of future high speed trains is driven by commercial 
and ecological requirements which determine the increase of speed and payload 
while reducing weight and improving thermal and acoustical passenger comfort.   
To ensure the same level of safeness then for today’s rolling stock, additional is-
sues like Reynolds-Number and Mach-Number dependencies have to be explored. 
The influence of unsteady flow phenomena as well as the impact of the train’s in-
duced flow field on humans and infrastructure has to be investigated.  For this 
purpose, special experimental facilities and techniques originally developed for 
aeronautical research proved to be extremely useful.  For the investigation of vis-
cous flow effects like separation and other boundary layer phenomena, a pressur-
ized wind tunnel can realize high Reynolds numbers without entering the com-
pressible flow regime. Validated results for the Göttingen high pressure wind 
tunnel show that it is possible to use extremely small models, down to a scale of 
1:100, and to get good results if the accuracy of the model manufacturing process 
is high enough. A second possibility to increase the Reynolds number in a wind 
tunnel is to cool down the working fluid, thus increasing the Reynolds number up 
to a factor of 5.5. The main advantage of cryogenic wind tunnels is the possibility 
of independent adjustment of the Mach and Reynolds number. A third possibility 
to increase the Reynolds number is to change the working fluid of the facility, e.g. 
by using water instead of air. Advanced measurement techniques, which were 
originally developed for aeronautical research, allow a deep insight into the physi-
cal mechanisms governing the aerodynamic performance of high speed trains. A 
broad variety of experimental results is presented, showing that high Reynolds 
number facilities are in many cases an indispensable research tool for the aerody-
namics of railroad vehicles. 
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Abstract   Wind-tunnel experiments were carried out to determine the drag-
reduction potential of dimpled surfaces on a generic train model as well as the in-
fluence of the dimpled surface on the flow field. Forces and moments were meas-
ured with an external six component balance. The flow field investigation was 
done by use of particle image velocimetry (PIV). The measurements were exe-
cuted over a wide range of Reynolds numbers in a cryogenic wind tunnel. The use 
of this wind tunnel allows the variation of Reynolds number while the Mach num-
ber remains constant and vice versa. The experiments were undertaken with a 
standard set up i.e.: the models consist of a complete end car and half mid car   
(Model scale 1:20); a fresh boundary layer on the ground realized by splitter plate; 
no force closure between mid car and end car. Two similar models were investi-
gated. The first model was manufactured with a smooth, polished surface. The 
second model was similar to the first but with a dimpled surface. The dimples 
were circularly shaped and arranged in a certain pattern. The results of force meas-
urements show for some configuration, depending on the Reynolds number, an 
overall drag reduction of more than 20%. In consideration of the fact that the total 
drag of the investigated configurations is mainly determined by friction drag this 
drag reduction can only come from a decrease of skin friction drag. To ensure that 
this interpretation is correct, pressure measurements were done in the intercarriage 
gap for all configurations. The influence of the dimpled surface on the flow field 
is directly visible at the leeward vortex system, which is resulting from the flow 
under yaw angles. All characteristic values of the vortex become weaker than for 
the non dimpled configuration. 
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Approaches for Homologation Purpose 
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Abstract   The head pressure pulse and the head pressure drop of a train are the 
pressure signals measured during the passage of the first few meters of the train at 
a fixed position in open air or in a tunnel, respectively. Train pressure pulses are 
part of the pressure loading on objects (like other trains) and persons. A new train 
is admitted to operation if measured data statistically satisfies certain threshold 
values. Nowadays train homologation in Europe predominantly relies on meas-
urements, yet appropriate prediction tools are needed during the engineering proc-
ess. The described pressure effects are well reported in literature and calculation 
methods are available providing for adequate accuracy. The methods are re-
viewed, examples from engineering applications and comparisons to data from 
full scale measurements are presented. The prevalent flow features are discussed 
covering a typical range of vehicle shapes and operational conditions (regional to 
high speed). The use of CFD methods is evaluated. The modeling error is esti-
mated and error mitigation is attempted. A virtual homologation approach is pro-
posed. The open fields of the issue are outlined. 
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Abstract   High-speed trains running at 200~350km/h will be operated on Chinese 
high-speed railways after 2010. Some of the high-speed railways in China will be 
built in mountainous areas. Many tunnels have to be constructed for the railways. 
However, the tunnel aerodynamic effect of high-speed trains is not very clear, es-
pecially the aerodynamic influence when the train is running in or out of tunnels. 
Examples are the effect of air pressure impulse on the train window strength and 
on the ear films of passengers, the relationship between the tunnel section size and 
the aerodynamic force acted on the train body, the relationship between the buffer 
structure of the tunnel entrance and the intensity of air pressure impulse, and so 
on. Based on Reynolds average Navier-Storkes equations of viscous incompressi-
ble fluid, and on two equation turbulent models, the aerodynamic effect of high-
speed train in tunnels was investigated by means of the technology of moving 
grids in computational fluid dynamics method. Flow fields of high-speed train for 
4 running speeds (200, 250, 300, 350km/h), 3 sizes of tunnel sections and 2 kinds 
of buffer structures for tunnel entrance were calculated. The results show that the 
aerodynamic effect of the tunnel’s blockage ratio is larger than that of train’s 
speed when the tunnel section size is smaller than a finite blockage ratio; the 
buffer structure for a tunnel entrance may reduce the aerodynamic influence effec-
tively. Based on the simulation results of the investigation, some suggestion val-
ues between tunnel blocking ratio and train running speed were presented. 
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on a Human Body near a High-Speed Train 

Renxian Li, Jing Zhao and Shu Zhang  

School of Mechanical Engineering, Southwest Jiaotong University, Chengdu, P. R. China 
rxli@swjtu.edu.cn 

Abstract   A study of the influence of aerodynamic force on human body near the 
high-speed train was completed by the means of the technology of moving grids in 
computational fluid dynamics method. 60 running situations, which includes 3 
types of locomotive shape, 4 running speeds of train combining 5 distances from 
human body to the sidewall of the train (human-train distances), were simulated. 
The 4 running speeds are 200km/h, 250km/h, 300km/h and 350km/h. The 5 hu-
man-train distances are 1.0m, 1.5m, 2.0m, 2.5m and 3.5m. The study results show 
that the aerodynamic force acting on human body strongly affected by the shape 
of the passing train head. The aerodynamic force produced at 1.0m human-train 
distance by extremely blunt train head at 350km/h speed is 7 times more than that 
produced by a streamline train head at the same operating condition. With an in-
crease of human-train distance, the differences among the aerodynamic forces 
produced by the different shape of train head decreases. The decrease is about a 
quadratic function of the human-train distance, and has nothing to do with train 
speed. The ratio of the maximum aerodynamic force produced by train head and 
that produced by train tail at a given human-train distance is about a constant and 
independent of train speed. The ratio of the maximum aerodynamic forces for any 
two different human-train distances produced by train head or train tail is about a 
constant and has nothing to do with train speed. The direction of the aerodynamic 
force acting on the human body is nearly the same in different running conditions 
independent of train head/tail shape. The direction of the aerodynamic force 
changes over 300 degrees when train head or train tail passes. Based on the calcu-
lation results, formulas for calculating the aerodynamic force acting on the human 
body and the maximum wind speed near the human body were presented. Safety 
distances for people walking or working near passing train were recommended. 
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1 Introduction 

The operation of high-speed trains in the world provides a convenient, quick, 
safe and cheap way to travel for ordinary people in the high population density 
area. Since the first high-speed train was operated successfully in Japan in 1960s, 
the high–speed trains of 200km/h or faster have operated in Germany, France, It-
aly, United Kingdom and Sweden. The technology improvements in railway con-
struction and railway vehicle manufacture make possible very high running 
speeds. In tests, the running speed of the French train TGV reaches 574km/h while 
its operation speed is over 300km/h. For the German high-speed train ICE, its test 
running speed is 406.9km/h and its operating speed is over 250km/h. Right now, 
there are many high-speed railways under construction in China and trains with 
running speeds over 200km/h will be operated in the near future. According to the 
railway development program, about 12000 kilometers of high-speed railway will 
be built in the coming 15 years in China. 

Many aerodynamic problems will be produced by the operation of high-speed 
trains, however. Some unfavorable influences on trains will emerge due to interac-
tion of running train and surrounding air, such as aerodynamic drag and aerody-
namic pressure waves acting on the train body caused by surrounding buildings. 
Many experimental and simulation studies have been done in this area[1~7]. There 
will also be adverse effects on the surrounding environment and persons near the 
railway due to induced air flow caused by passing trains. Most importantly, the air 
flow induced by high-speed trains (train wind) may impose some safety issues on 
people near high-speed railways.  

Generally speaking, the strength of train wind will decrease with the distance 
increase between human body and trains, but what constitutes a safe distance for 
people to walk or work near high-speed railway? The standard of safety distance 
is different in different countries for high-speed trains. The average train wind ve-
locity near the human body is used as a criterion to determine the safety distance 
in United Kingdom and Japan[8]. 9m/s train wind velocity is used to determine 
platform safety distance in Japan. In the United Kingdom 25mph(≈11.1m/s) train 
wind velocity is used to determine the platform safety distance and 
38mph(≈16.9m/s) train wind velocity is used to determine the safety distance for 
railway employees. Aerodynamic force is used as a criterion to decide the safety 
distance in Germany and in France[9]. The safety distance is defined as that for 
which a 100N maximum allowed aerodynamic force acts on a human body. In the 
USA, the aerodynamic pressure acting on the ear drum (0.2psi) or train wind ve-
locity about Beaufort number 7 is used to decide the safety distance.  

In China, there is no corresponding standard for safety distance yet. Despite 
that it is a task of human safety engineering to draft the safety distance standard; it 
is an important prerequisite to understand the patterns of the aerodynamic forces 
acting on the human body as a function of train speed and distance between train 
and human before setting the standard.  
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The aerodynamic effect of train wind on the human body and surroundings is 
produced by the relative motion between the train, the air, and the surrounding ob-
jects. It is difficult to model this kind of flow field in wind tunnel because of the 
relative motion between the train and its surroundings. Real measurement around 
operating trains have been performed using instrumented human models by scien-
tists of Japan, France and China[11~13]. These experiments were expensive and had 
many limitations, such as the condition of railways, maintaining the train velocity 
through the measurement point, the operation condition of test line and so on. 
Moreover, the measurement results exhibited dispersion in the survey data. There-
fore, it is quite difficult to get accurate aerodynamic influence data using field 
measurements. Simulation by means of computational fluid dynamics is another 
method to study the vehicle aerodynamic problems. It has no limitation for train 
operating condition; it is convenient to compare the aerodynamic influence for dif-
ferent operating conditions and is less expensive than field experiments. 

There are still some difficulties to simulating a flow field around bodies in 
relative motion. In early attempts, researchers first computed the wind field data 
near the train head using various CFD methods, and then estimated the force act-
ing on a human body based on distribution of fluid velocity and pressure. Never-
theless, presence of the human body has an effect on the distribution of velocity 
and pressure of the train flow field. The moving train and human bodies should be 
simulated simultaneously and the relative motion between the train and human 
bodies should be simulated. In this paper, aerodynamic influence acting on human 
body near high-speed train was studied based on the moving mesh simulation 
method in CFD. 

2 Methodology 

2.1 Basic hypothesis 

(1) Because Reynolds number of flow field around the high-speed train is larger 
than 106 due to the train running at high speed, the fluid is in turbulent state. 
The k ~ε two equation turbulent model has been used in the simulations. 

(2) Train speed ranges 200~350km/h in this study, and the flow velocity of in-
duced air around the train is less than Mach 0.3, so the flow is assumed to be 
incompressible. 

(3) Some detail structures on vehicle body have been ignored to simplify the cal-
culations, (e.g. pantograph, bogies, link section of carriages and the like). 

(4) Shape of human body is too complicated to simulate. Some cylindrical bodies 
were used to model human bodies in this project following previous re-
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search[14~16]. Height and diameter of the cylindrical body is set to 1.75m and 
0.45m respectively. If these two size express height and shoulder width of 
human body, this cylindrical body simulates 90% of Chinese adults. 

2.2 Mathematical model 

Based on Reynolds average Navier-Stokes equations of viscous incompressi-
ble fluid and k~ε two equations turbulent model, the flow field around train can be 
described as 
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ju —— Velocity component of flow field (m/s); 

p  —— Pressure (Pa); 

µ  —— Dynamic viscosity coefficient (N·s/m2); 

ρ  —— Density (kg/m3); 

tµ —— Turbulent viscosity coefficient (N·s/m2)； 

 —— Turbulent kinetic energy (J/kg)； 

ε  —— Dissipation rate of turbulent kinetic energy (J/kg)；  
C C C k1 2, , , ,µ εσ σ —— Constants，as 1.44, 1.92, 0.09, 1.0, 1.3 

The equations (1) to (4) were solved by finite volume method[18, 19]. 
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2.3 Geometric model 

The train is modeled as a 60m long 
vehicle with same shape at the head and 
tail. Three cylindrical bodies, to model 
the human body, were put on one side 
of the train at the head and tail respec-
tively. Three types of train head/tail 
shapes were modeled. Model 1 is a 
streamline head/tail shape; with a 

head/tail length of 8m. 
 

  
Fig. 2 A part of calculation mesh for model 2 Fig. 3 A part of calculation mesh for model 3 

 
Model 2 is a train with a fairly blunt head, with head/tail length of 3.9m. 

Model 3 is an extremely blunt head train model having a length of 0m. A part of 
the three train models calculation mesh is shown in Figs. 1 to 3 respectively. 
Length, width and height of the three train models were exact the same and are 
summarized below: 

 Train length 
    (l) 

Train width 
    (b) 

Train height 
    (h) 

Length of changeable 
section at head/tail (s) 

Model 1 60m 3.1m 3.7m 8.0m 
Model 2 60m 3.1m 3.7m 3.9m 
Model 3 60m 3.1m 3.7m 0.0m 

Fig. 1 A part of calculation mesh for model 1 
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3 Numerical calculation and result analysis 

3.1 Calculation cases 

In order to study the aerodynamic forces acting on a person near a high-speed 
railway, computational simulations of 4 train running speeds (200km/h, 250km/h, 
300km/h, and 350km/h) and 5 human-train distances (1.0m, 1.5m, 2.0m, 2.5m, and 
3.5m) were performed. 20 calculation cases were simulated for each train model 
for a total of cases simulated for the three train models. The effective moving dis-
tance of train relative to one cylindrical body was 33.75m in each of the simula-
tions. Mesh moving distance for each time step was 0.125m. This means that 270 
effective time steps were performed in each calculation case. 

3.2 Simulation result analysis 

3.2.1 Analysis of aerodynamic force acting on human body with different 
train shapes 

Calculation result shown that 
there is a big effect for aerodynamic 
force acting on human body due to 
train wind produced by different train 
head/tail. Change tendency of aerody-
namic force in horizontal direction 
produced by 3 model train head at 
1.5m human-train distance are shown 

in Figs. 4 to 6 
 
 

Fig. 4 Aerodynamic force acting on human 
body as train model 1 head passes 
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Fig.5 Aerodynamic force acting on human Fig.6 Aerodynamic force acting on human 
body as train model 2 head passes  body as train model 3 head passes 
 

Figures 4~6 show that, for the aerodynamic force acting on a human body 
produced by different train head shapes, not only there are big differences in 
value, but also there is a difference in the time over which the force acts. Compar-
ing the change of aerodynamic force with different train head shapes, we find that 
the blunter the train head shape is, the 
larger the aerodynamic force acting on 
human body, and the shorter the acting 
time of the force. When different 
shapes of train tail pass, change in 
aerodynamic force is similar to the 
changes as train head passes. Figure 
7~9 shown the change tendency of 

aerodynamic force produced by train 
tail of the 3 models at 2.5m human-train 
distance. 
 

  
Fig.8 Aerodynamic force acting on human Fig.9 Aerodynamic force acting on human 
body as train model 2 tail passes body as train model 3 tail passes 
 

The maximum aerodynamic force acting on human body in all cases for the 
three models are listed in table 1. Keeping the train running speed and human-train 
distance constant, a ratio of the maximum aerodynamic force FT produced by 
train-head wind and that FW produced by train-tail wind are also listed in Table 1. 
The ratios of maximum forces produced by train head and by train tail in different 
human-train distances for each train model are listed in Table 2. Where FT1.0m 

Fig. 7 Aerodynamic force acting on human 
body as train model 1 tail passes 
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means the maximum aerodynamic force produced by train-head wind at 1.0m hu-
man-train distance. FW1.0m means that the maximum aerodynamic force produced 
by train-tail wind at the same distance. The others have similar meaning. 
 
Table 1 The maximum aerodynamic force produced by train head/tail and their ratio 
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Table 2 Ratio of the maximum forces in different human-train distances for three models 

 
 

By analyzing Table 1 and 2, we find an interesting phenomenon. The ratio of 
aerodynamic forces acting on a human body produced by train head wind over 
that produced by train tail wind at a given human-train distance for each train 
model is independent of train running speed. This phenomenon means that it is 
possible to infer a relationship for the force acting on a human body as a function 
of train running speed, distance from the train, and train head/tail shape.  
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3.2.2 Analysis of the direction of the aerodynamic force acting on human 
body 

The change of the force direction in the horizontal plane acting on a human 
body for the different train models is almost the same. The change of the force di-
rection produced by train head wind and by train tail wind in one calculation case 
for each train model is shown in figure 10 (a) and (b) respectively. From the fig-
ures we find that the force direction angles produced by train head wind and that 
by train tail wind for different train models changed over 300 degree. The force 
direction angle is the angle from the train running direction anticlockwise rotation 
to the aero-force direction. 

 

 
Fig. 10 Aerodynamic force direction change as various shape train head or train tail passes 

3.3 Analysis of train wind velocity around human body near high-speed 
train 

The maximum train wind velocity around human body in different calculation 
cases for train models 1, 2 and 3 are shown in Figs. 11-13 respectively. The wind 
velocity at human-train distance 0m is assumed to be equal to the train running 
speed. After summarizing all simulation results in 20 calculation cases for each 
train model, we find that the maximum wind velocity around human body is about 
a quadratic function of human–train 
distance when train running speed is 
held constant and the maximum wind 
velocity is about  a  linear  function  of   
train running  speed  when human-train 
distance is kept constant. According to 
these conclusions, we infer a 
relationship formula for the maximum 

wind velocity u around human body 
with train speed v and human-train 
distance d for each train model. 
 

Fig. 11 Change of train wind velocity for  
model 1 
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Fig.12 Change of train wind velocity Fig. 13 Change of train wind velocity 
for model 2 for model 3 
 
Which are  

)1545.95496.34575.0()2319.1( 24072.0
1 +−×= − ddu v

m  (5) 

)7939.208644.82549.1()1912.1( 24072.0
2 +−×= − ddu v

m  (6) 

)2111.344286.151907.2()2454.1( 24072.0
3 +−×= − ddu v

m  (7) 

where miu  —— the maximum wind velocity around human body near  
model i（m/s); 

d  —— human-train distance（m）； 
v  —— train running speed（m/s）； 

3,2,1 mmm —— means model 1, model 2 and model 3 respectively. 
 

Application range of the formulae (5) - (7) are smv /22.9756.55 <<  and 
md 5.30.1 << .The dimension of m/s used here for train running speed v. For ref-

erence, 55.56m/s is equivalent to 200km/h and 97.22m/s is equivalent to 350km/h. 
If the calculated train wind velocities are assumed to be correct values, the curve-
fitting errors from formulae (5), (6) and (7) are less than 5%. For relationships be-
tween the train wind velocity and train head/tail shape, we were unable to infer 
accurate formulae from the current computational results. 

4 Relationship among train wind force, train speed, human-
train distance and train head/tail shapes 

The aerodynamic force acting on human body produced by train wind is re-
lated to many factors, such as train running speed, human-train distance, train 
head/tail shapes, smoothness of train surface, relative height between human and 
train, temperature and moisture of ambient air and so on. But the main factors are 
three: train running speed, human-train distance and train head/tail shape. Of these 
three main factors, the train head/tail shape is the most complicated to describe. 
There are many geometric parameters to describe train head/tail shape even if 
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height and width of the train are kept constant. In order to simplify the analysis, 
we use only one geometric parameter, length of changeable section at train 
head/tail S, to describe the shape variation of train head/tail here. Thereupon, the 
aerodynamic force F acting on human body produced by train wind is a function 
of human-train distance d, train running speed v and the length of changeable sec-
tion at the train head/tail, S. Based on the summary of the simulation results on 
maximum aerodynamic force in 60 calculation cases, include 3 train models, 4 
train running speeds and 5 human-train distances, we infer the following relation-
ship: 

)( 24072.0 CSBSAF v
d +×−××= −α  

smv /22.9756.55 ≤≤ ， mS 80 ≤≤  (8) 

where F —— human body aero-force produced by train wind in  
horizontal (N)； 

d —— human-train distance（m）； 

v —— train running speed（m/s）； 

S —— length of changeable section at train head/tail（m）； 

CBA ,,,α —— coefficients。 

The human-train distance d as a subscript in formula (8) means that we use 
separate formula to describe the aerodynamic force for different human-train dis-
tance. The purpose is to guarantee precision of the formulae. The formulae for the 
aerodynamic force at each human-train distance as a function of train running 
speed and length of changeable section at train head/tail are: 

)82.5677655.95559.4()369.1( 24072.0
0.1 +−×= − SSF v  (9) 

)735.305526.56071.3()451.1( 24072.0
5.1 +−×= − SSF v  (10) 

)53.186403.34927.1()452.1( 24072.0
0.2 +−×= − SSF v  (11) 

)896.116389.20112.1()462.1( 24072.0
5.2 +−×= − SSF v  (12) 

)901.63392.12775.0()487.1( 24072.0
5.3 +−×= − SSF v  (13) 

If the computed aerodynamic forces are assumed to be correct values, for-
mulae (9)-(13) have errors less than 5%.  Formula (9) is accurate to 5% except for 
some points where the errors are as large as 10%. If allow the errors of the in-
ferred formulae to be somewhat larger, it is possible to integrate formulae (9) ~ 
(13) to a single formula for calculating the human aerodynamic force. That is: 

 
)064.695392.126863.0()4442.1()656.1( 24072.0)5.3(2 +−××= −− SSF vd  (14) 

If the human aerodynamic force is calculated by formula (14), except for 
calculation error large than 20% in a few case points of train model 1, the calcula-
tion errors from formula (14) are less than 15%. 
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5 Conclusions and Suggestions 

5.1 Conclusions 

Based on Reynolds average Navier-Stokes equations of viscous incompressi-
ble fluid, and on k ~ ε two equations turbulent model, the aerodynamic effects of 
train wind on human body near high-speed railway were investigated by finite 
volume method with moving mesh technology. From the numerical results of 60 
calculation cases, the following findings can be gained: 

(1) There is a big difference in the aerodynamic force acting on human body 
produced by different shapes of train head/tail. In running speed at 350km/h and 
human-train distance of 1m, the aerodynamic force produce by extremely blunt 
train head is 7 times more than that produced by a highly streamlined train head. 
The difference in the force decreases with the increase of human-train distance. 
The decrease pattern of the force difference is about a quadratic function with the 
distance and is independent of train running speed. 

(2) For a single type of train head at a fixed human-train distance, the ratio of 
the maximum aerodynamic force produced by the train head over that produced by 
the train tail is nearly a constant and has nothing to do with train running speed. 
The ratio of the maximum aerodynamic forces produced by train head from differ-
ent human-train distance is about a constant regardless of train running speed. The 
same situation appears around train tail. 

(3) According to the conclusions mentioned above, formulae for calculating 
the aerodynamic force acting on human body produced by train wind may be in-
ferred from the numerical results, listed in formulae (9) - (13). If the calculation 
precision of the formulae is reduced, it is possible to integrate formulae (9) - (13) 
into a unified formula for calculating the human aerodynamic force, which is 
given in formula (14). 

(4) The change of the force direction acting on a human body in the horizontal 
plane in different calculation cases for each train model is almost the same. The 
change tendency of the force direction for different train models appears a similar 
type. The force direction angles produced by train head wind and that by train tail 
wind for different train models changed over 300 degree. 

(5) In the numerical calculation range, the maximum wind velocity around 
human body is about a quadratic function of human–train distance for a given 
train running speed. The maximum wind velocity is about a linear function of train 
running speed when human-train distance is kept constant. 

(6) According to conclusion (5), the maximum wind velocity u around human 
body as a function of train speed v and human-train distance d for each train 
model can be inferred, and are presented in formulae (5) - (7). 
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5.2 Suggestion of human safety distance 

There are many shapes of heads/tails for high-speed trains in the world. The 
length of changeable section of these high-speed train head/tail is different each 
other. For example, the length for E system high-speed train head in Japan is more 
than 6m, the head length of TGV in France is 5~7m, ICE in Germany is 3~5m, 
while for Chinese high speed trains it ranges from 2.7~5.3m. According to formu-
lae (9) - (13), we can approximate the aerodynamic force acting on human body in 
the different train running speed based on the different head length. If the maxi-
mum aerodynamic force that a human can bear could be decided, the human safety 
distance could be obtained from these formulae. Based on 100N aerodynamic 
force as human body bearing force, the safety distances for different train head 
lengths and different train running speeds are listed in Table 3. 

 
Table 3 Suggestion of human safety distance based on 100N criterion (m) 

  S(m) 
v(km/h) 

1 2 3 4 5 6 7 8 

200 2.48 2.28 2.10 1.79 1.50 1.32 1.01 0.7* 

250 3.16 2.82 2.46 2.21 1.92 1.54 1.39 1.09 

300 3.7* 3.42 3.11 2.62 2.39 2.14 1.82 1.58 

350 4.1* 3.9* 3.6* 3.35 3.03 2.66 2.34 2.11 
Note: The data with * is estimate value from of the formula by extrapolation 

 
The maximum wind velocity around a human body near a high-speed train for 

different train running speeds and human-train distances can also be obtained from 
formulae (5) - (7). Based on these formulae, it is possible to get the wind velocity 
around human body for different train head lengths. If the maximum wind velocity 
that a human can stand could be decided, the human safety distance can be ob-
tained from the formulae. Based on 11m/s velocity as human body limit, the safety 
distances for different train head lengths at different train running speeds are listed 
in Table 4. 

 
Table 4 Suggestion of human safety distance based on 11m/s criterion (m) 

S(m) 
v(km/h) 

1 2 3 4 5 6  7 8 

200 1.99 1.79 1.69 1.37 1.16 0.96* 0.75* 0.55* 

250 2.46 2.24 1.97 1.72 1.46 1.21 0.96* 0.70* 

300 3.12 2.76 2.41 2.07 1.75 1.45 1.15 0.85* 

350 3.54* 3.17 2.81 2.46 2.11 1.77 1.42 1.07 

Note: The data with * is estimate value from of the formula by extrapolation 
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From Tables 3 and 4 we can find that the safety distances calculated based on 
11m/s as criterion (United Kingdom) is less than that based on 100N as criterion 
(Germany, France). If 9m/s is used as a criterion (Japan), we can get the fairly 
similar results. 
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Abstract   CFD methods have been employed to solve a number of efficiency, 
safety and operational problems related to the aerodynamics of rail cars and loco-
motives. This paper reviews three case studies: 1) numerical models were em-
ployed to quantify the drag characteristics of two external railcar features; namely, 
well car side-posts and inter-platform gaps. The effects of various design modifi-
cations on train resistance and fuel usage were evaluated. 2) An operational safety 
issue facing railroad operators is wind-induced tip-over. A study was completed 
using CFD and wind tunnel tests to develop a database of tip-over tendencies for a 
variety of car types within the Norfolk Southern fleet. The use of this database in 
the development of a speed restricting system for the Sandusky Bay Bridge is also 
discussed. 3) Another safety issue involves the behavior of diesel exhaust plumes 
in the vicinity of locomotive cabs. Numerical simulations were performed for a 
variety of locomotives operating under a number of ambient conditions (wind 
speed, wind direction). The concentration of diesel exhaust at the operator cab 
window was quantified. Where appropriate, the studies provide information on the 
correlation of the CFD results with previously collected wind tunnel and field 
data. 

Introduction 

Railcar aerodynamic studies are typically undertaken to improve safety and 
increase fuel efficiency. A number of approaches are available to assist the engi-
neer in developing improved designs, including numerical simulation, laboratory 
(wind tunnel) methods, and field tests. 

Significant advances have been made in the development of 3-D CFD codes, 
including Reynolds-Averaged Navier-Stokes (RANS), Unsteady Reynolds-
Averaged Navier-Stokes (URANS), Large Eddy Simulation (LES), Detached 
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Eddy Simulation (DES), Direct Numerical Simulation (DNS), spectral methods, 
vortex methods, and Lattice-Boltzmann methods [1, 2]. All of these have been ap-
plied to the evaluation of heavy vehicle aerodynamics [3, 4]. For the three studies 
presented below, appropriate tools were sought to provide practical engineering 
solutions within commercial timeframes and budgets. Because of the many con-
figurations to be modeled, computationally-intensive methods such as LES, DES, 
and DNS could not be accommodated. Two 3-D RANS finite-volume simulation 
codes were selected: 1) a proprietary code, VISCOUS [5, 6], and 2) a commercial 
code, FLUENT [7]. The Reynolds stress tensor was addressed using the κ-ε equa-
tions [8, 9]. Although this method does not model detailed turbulent structures, it 
does predict average surface pressures and force differences with sufficient accu-
racy for rail car design and tipping moment determination [10]. The CFD simula-
tions were supplemented with both wind tunnel and field tests. 

Section I: Aerodynamic Drag Reduction 

Studies aimed at reducing the tractive resistance of railroad trains have been 
performed since the advent of iron rails during the late 18th century [11]. Aerody-
namic drag is a major contributor to locomotive power requirements, along with 
climbing resistance (gravity), frictional resistance (rolling, track, flange, bearing, 
suspension losses), and the force required for acceleration or deceleration. Meas-
urements made using instrumented cars and coast-down methods indicate aerody-
namic resistance can account for over 90% of the tractive effort at higher train 
speeds [12 through 19]. 

Review of Past Work 

The earliest study of train aerodynamics reported in the literature involved 
small-scale wind tunnel tests performed during 1898 at Purdue University [20]. A 
significant amount of research on this topic was conducted during the 1920s and 
1930s and is reviewed by Hoerner [21] and Tietjens [22]. Results of research on 
train resistance components are included in papers by Davis [23], Hay [24], Eng-
dahl [25], and Paul [26].  Following the 1973-1974 OPEC oil embargo [27], many 
U.S. railroads and railroad equipment manufacturers initiated research programs 
to evaluate methods of reducing tractive resistance of freight trains [28 through 
39]. A significant series of studies was supported by the Association of American 
Railroads during the 1980s [25, 40, 41, 42]. Airflow Sciences Corporation served 
as primary contractor for this program and has continued to conduct engineering 
analysis and design studies for a variety of railroads and rail car manufacturers [43 
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through 48]. Recent increases in fuel prices have once again generated interest in 
reducing train resistance. 

Approach 

During the current study, the aerodynamic performance of two types of well-
type intermodal cars, each capable of transporting containers of varying lengths, 
were evaluated. Various design modifications aimed at reducing aerodynamic drag 
were modeled using RANS methods. Photos of the two well cars are shown in 
Figs. 1 and 2. 
 

 
Fig. 1 Husky Stack Well-Type Intermodal Car. Schematic showing loading configuration with 
containers having lengths of 20’, 48’, and 53’ 

Two design features were modified to determine their effect on aerodynamic 
drag: 1) smooth sides versus exposed side posts, and 2) spacing between contain-
ers on adjacent cars. CFD models were coupled with an updated version of the 
AAR AERO program [42] to determine the drag area (see Equation 1) for various 
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container loads and car position-in-train. A fuel consumption calculation was per-
formed to determine the influence of reduced drag on locomotive fuel consump-
tion. 

ACDragAreaS dd ==  (1) 
 

where Cd = drag coefficient of rail car at zero degrees yaw 
and A = reference area (projected frontal area of rail car) 
 

 
Fig. 2 Maxi-Stack Well-Type Intermodal Car. Schematic showing loading configuration with va-
riety of container lengths. 

Fuel consumption calculations are based on the equations developed by Paul, 
et. al. [26, pp. 8-9] [40, p.43]. Assuming the train is operating on straight, level 
track at constant speed, fuel consumption can be determined from a modified ver-
sion of the Davis Equation [49]: 

 

 
where: K = Fuel consumed per distance traveled per unit of tractive resistance 

= 0.2038 gallons/1,000 miles/lbf 
Sd = Consist Drag Area (ft2) 
V = Train Speed (miles/hour) 
W = Consist Weight (lbf) 
C = Hill Factor = 0.0 for level routes and 0.0007 for hilly routes 

 

 Gallons of Fuel 
  Consumed per 
     1,000 miles 

=   K (0.0015 W + 0.00256 Sd V2 + C W)                 (2) 

 J.C. Paul, R.W. Johnson, and R.G. Yates 
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The first two terms on the right side of Equation 2 represent resistance due to roll-
ing friction and aerodynamic drag, respectively. The last term accounts for the ef-
fects of hill climbing. The constant, K, relating fuel consumed per distance trav-
eled per unit of tractive resistance is based on locomotive operational data 
obtained by members of the Association of American Railroads. Similarly, con-
stant C, the hill factor, is based on operational data for U.S. railroads. 

Effects of Modifying Well Car Side Posts 

Several researchers have evaluated the effects of modifying external structures 
on rail cars to reduce aerodynamic drag.  Replacing exposed external ribs with 
smooth sides is particularly effective and offers the advantages of being low cost 
and easy to install.  The table below provides a summary of several rib modifica-
tion studies that were verified in the wind tunnel and during over-the-track test 
programs: 

Table 1. Effects on Aerodynamic Drag of Rail Cars Due to Modification of Exposed External 
Ribs (Zero Degrees Yaw, Center Location in Train Consist) 

 
Train Car  

Type 

External  
Surface  

Configuration 

 
 

Modification 

 
Drag  

Reduction 

 
 

Reference 
Passenger Car External Ribs and 

Structure 
Smooth Side 6% [21] pp. 12-

10 to 12-11 
ISO Container External Ribs Smooth Side 10% [4]  

pp. 434-435 
Hopper Car External Ribs Smooth Side 20% [37]  

pp. 230-231 
Gondola Car External Ribs Smooth Side 13% [37]  

pp. 230-231 
Well Type In-

termodal 
External Ribs on 

Trailers 
Smooth Side 10% [36]  

p. 214 
Skeleton Type 

Intermodal 
Platform Support 

Ribs 
Shielded Ribs 15% [36]  

p. 78 
Gondola Car External Ribs Smooth Side 15% [34] p. 101 
Gondola Car External Ribs Shielded Ribcaps 17% [39] p. 186 

Open Top 
Hopper Car 

External Ribs Smooth Side 30% [41]  
p. 105 

 
The external ribs comprising the structure of rail cars, containers, and trailers 

are typically of a size that extends beyond the boundary layer. Flow enters the in-
ter-rib spaces along the vehicle side surfaces and creates a high pressure condition 
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on the upstream side of each rib and a low pressure wake on the downstream side. 
Experiments have indicated this pressure distribution is essentially the same for 
each rib, except those located near the ends of the car, container, or trailer.  
 

The original design of the well-type intermodal cars evaluated during the cur-
rent study included exposed external side ribs along the side of the well as shown 
in Figs. 1 and 3. The high pressure on the upstream side and low pressure on the 
downstream side of each rib can be seen in the surface pressure plot of Fig. 3. De-
tails of the flow at a mid-height horizontal plane for one of the exposed ribs are 
plotted in Fig. 4. 
 

To reduce drag, a smooth, external surface was positioned at the outboard por-
tion of the exposed side posts. This shielded the inter-rib cavities from the external 
flow as shown by the calculated pressure distribution in Fig. 5. The change in drag 
area between the exposed ribs and smooth side versions of the well car was calcu-
lated based on the surface pressure changes obtained from the numerical model. 
This ΔCdA was referenced to the wind tunnel data using program AERO. The re-
sults are summarized in Table 2 for a single car loaded with various length con-
tainers. It is noted that drag reductions of 23% are obtained for the five-unit well 
car due to covering the exposed ribs with a smooth side. This result is similar to 
those presented in Table 1. 

 
Fig. 3 Calculated Pressure Distribution on Well-Type Intermodal Car with Exposed Ribs (Side 
Posts), Train Direction is to the Left. 

 J.C. Paul, R.W. Johnson, and R.G. Yates 
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Fig. 4 Detail of Flow Near Well Car External Side Post at Mid-Height Horizontal Plane 

Table 2 Drag Area Reduction for 5-Unit Well-Type Intermodal Car 

 Load Drag Area (ft2) Drag Area (ft2)
Case Smooth Sides Exposed Side Posts

Two 40' long, 9.5' high containers
stacked in the well 71.6 93.2
One 40' long, 8.5' high container in
the well and one 40' long, 9.5' high 70.6 92.3
container on top
Two 20' long, 8.5' high containers in 
the well and one 40' long, 8.5' high 69.7 91.3
container on top  

 

 
Fig. 5 Calculated Pressure Distribution on Well-Type Intermodal Car with Smooth Sides.  Train 
Direction is to the Left. 
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Effects of Inter-Car Spacing 

Many researchers have evaluated the effects of position-in-train and inter-car 
spacing on aerodynamic drag [21, 40, 41]. For the case of small gaps between ad-
jacent cars, the flow appears to move smoothly from the rear of the upstream car 
to the front of the downstream car. The flow in the gap region is a trapped vortex 
that does not interact substantially with the free-stream. Adjacent cars with narrow 
inter-car gaps thus act as a single body. As gap distances increase, the drag ap-
proaches that of multiple, single bodies [41 p. 99]. This observation has been ap-
plied to open top bulk materials cars, such as hopper and gondola cars, where ver-
tical baffles have been employed to provide multiple trapped flow regions, thus 
preventing high speed air from impacting forward-facing surfaces [41, 50, 51]. For 
well-type intermodal cars, of course, the gap distance is determined by the con-
tainer lengths on adjacent cars. The maximum allowable gap is defined by the de-
sign of the car ends and couplers. Car manufacturers have proposed placing 
smaller containers (e.g. 20’ ISO containers) on support structures located above 
the couplers to reduce inter-car gaps. Figure 6 shows the calculated velocity field 
along the train longitudinal centerline for both a standard well car and a modified 
well car equipped with spine containers in the region above the couplers. The 
simulations indicated the drag area of the well car decreased from 44.1 ft2 to 38.1 
ft2 with the addition of the spine containers. However, the spine containers con-
tributed 6.0 ft2 of drag area, so no net gain was realized at zero degrees yaw [52]. 
 

The results of the various inter-car gap studies (both wind tunnel and CFD 
model results) were combined to produce the graph shown in Fig. 7. The baseline 
inter-car gap for the subject well cars is 61.5 inches. The graph provides an indica-
tion of the magnitude of the drag changes as the gap distance is increased or de-
creased from the baseline value. It is interesting to note that the baseline gap 
places the adjacent containers well into the regime where they are exhibiting the 
behavior of multiple, sequential bodies. By decreasing the gap from 61.5 inches to 
40 inches, the drag can be decreased by 25%. 

 J.C. Paul, R.W. Johnson, and R.G. Yates 
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Fig. 6 Comparison of Centerline Flows for Standard and Spline-Type Well Cars 

 
Fig. 7 Effect if Inter-Car Gap in Well Car Drag Area (Baseline Gap Distance is 61.5 Inches) 
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Results and Conclusions: Section I: Aerodynamic Drag Reduction 

The calculated drag reductions resulting from 1) covering the exposed well 
ribs with smooth sides and 2) reducing the gap distance between adjacent cars 
were utilized to produce the fuel savings projections shown in Tables 3 and 4.  For 
these comparisons, the following consist was assumed: 
 
 5 Locomotives, Twenty 5-Unit Well Cars (= 200 48’ Containers) 
 Total Train Weight: 15,942,000 lbf 

Table 3 Fuel Consumption: Gallons per 1,000 Miles: Well Car Intermodal Train with Exposed 
Ribs and Smooth Sides. 

Level Route Hilly Route
Configuration 40 MPH 50 MPH 60 MPH 40 MPH 50 MPH 60 MPH

Exposed Side Posts 6,785 7,860 9,175 9,059 10,135 11,449
Smooth Sides 6,287 7,082 8,053 8,561 9,356 10,328  

Table 4 Fuel Consumption: Gallons per 1,000 Miles: Well Car Intermodal Train with Various 
Inter-Car Gaps. 

Level Route Hilly Route
Gap (inches) 40 MPH 50 MPH 60 MPH 40 MPH 50 MPH 60 MPH

61.5 6,785 7,860 9,175 9,059 10,135 11,449
55 6,661 7,666 8,895 8,935 9,940 11,169
47 6,450 7,337 8,421 8,725 9,612 10,696
20 6,173 6,904 7,798 8,447 9,179 10,072  

 
Adding smooth sides to the well car improves fuel economy on level routes by 

7.3% for low speeds up to 12% for high speeds. For hilly routes, fuel economy 
improvements vary from 5% at low speeds to 6% at high speeds. Reducing the in-
ter-car gap also provides significant improvements in fuel economy. For level 
routes, reducing the inter-car gap from 61.5 inches to 47 inches reduces fuel usage 
by 5% at low speeds and 8% at high speeds. For hilly routes this reduction in gap 
distance improves fuel economy by 4% at low speeds and 7% at high speeds.  

Section II: Wind Induced Tip-Over 

Strong cross winds can lead to tip-over and derailment of train cars exhibiting 
large profiles and/or light weight, such as passenger coaches and intermodal 
equipment. The safety of railroad workers and the public is at risk during these 
events. The photo in Fig. 8 shows a tip-over accident that occurred during 2006 on 
the Kahnawake Bridge (Montreal, Quebec, Canada). Several other recent wind-
related accidents, including those listed below, have led to engineering studies 
aimed at preventing their occurrence.  

 J.C. Paul, R.W. Johnson, and R.G. Yates 
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• 28 January 1987: Union Pacific Railroad: 4 empty containers blown 
from two TTX cars near Laramie, Wyoming; crosswind speeds meas-
ured to be 45 miles/hour. 

• 24 March 1987: Union Pacific Railroad: 25 cars were derailed near 
Brule, Nebraska due to high winds, measured at 53 miles/hour. 

• 11 November 1988: Consolidated Rail Corporation: 64 Road Railer 
intermodal cars derailed on the Sandusky Bay Causeway (Ohio) dur-
ing high winds. 

• 11 February 2003: Norfolk Southern Railway: train derailment on 
Sandusky Bay Causeway during high winds. 

 
Cleanup costs can be significant and hence create an additional incentive for 

seeking an effective train speed restricting system aimed at reducing these events. 
 

 
Photo Credit: http://www.citynoise.org, February 2006  

Fig. 8 Freight Train Derailment: 18 February 2006, Montreal Quebec, Kahnawake Bridge, 67 
mile/hour crosswinds. 

Three primary goals were established for the current study: 
• Develop railcar tipping moment (defined below) data base. This included 

gathering wind tunnel test data for high-population railcars and perform-
ing CFD simulations to gain additional insight into the aerodynamic con-
ditions leading to tip-over events. 

• Develop a real-time computer algorithm to signal appropriate train speed 
reductions during hazardous cross wind conditions. 

• Select and locate wind sensors and configure and implement the train 
speed restricting system. 
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Review of Past Work 

The wind tunnel studies funded by the Association of American Railroads in-
cluded force measurements of a wide variety of cars and locomotives at yaw an-
gles up to 90°. Much of this work is summarized by Furlong, et. al. [41]. These 
studies provide a large database of car side forces and rolling moments under 
crosswind conditions. 
 

Matschke, et. al. [53] performed a risk assessment of cross winds on high 
speed trains to define countermeasures for safe railway operation. Andersson, et. 
al. [54] identified locations in Sweden prone to high winds and possible train 
overturning and performed a risk assessment for safe train operation. Experimen-
tal methods for measuring side forces and rolling moments for high-speed trains 
were developed by Sanquer, et. al. [55]. Pressure measurements on double-stack 
freight cars during train passing conditions were made by MacNeill, et. al. [56] 
and used for comparison with CFD simulations. The simulations were employed 
to define conditions under which double-stack container cars are subject to tip-
over [57]. Hoppmann, et. al. [58] developed a wind prediction model as part of a 
railway safe operations system. Tipping effects on rail cars caused by jets emanat-
ing from tunnel pressure relief ducts were investigated by Polihonki, et. al.  [59]. 
During 1988, Gielow, et. al. [60] conducted a series of wind tunnel tests using 
16% scale models to determine the aerodynamic forces acting on a variety of rail 
cars, including intermodal and automobile transporters. The study culminated in 
development of a train-speed-restricting system to achieve safe operating condi-
tions under high wind conditions along routes operated by Union Pacific Railroad.  
Additional evaluations on the tip-over behavior of autorack rail cars was per-
formed by Airflow Sciences Corporation during 1998 [61]. Tipping moments 
were calculated as a function of train speed and cross wind speed and found to be 
less than half those of double-stack intermodal cars under the same cross wind 
conditions, primarily because of the higher pressures on the leeward side of the 
rounded-top autorack cars. 

Approach and Speed Restricting System Description 

The Sandusky Bay Causeway is located at the southwestern end of Lake Erie 
northwest of Sandusky, Ohio (see Fig. 9). Trains moving across the causeway are 
subject to the high winds that occur frequently in this region. Norfolk Southern 
Railway funded an engineering effort to develop a train speed restricting system 
with the goal of eliminating tip-over accidents at this location. The project was di-
vided into several phases and concluded during 2006 with the implementation of 
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wind sensors located on the causeway, data acquisition hardware, and data analy-
sis computers linked by the Norfolk Southern network [62]. 
 

 
Fig. 9 Map Showing Sandusky Bay Causeway (Map Credit: Google Maps) 

The main components of the Sandusky Bay Causeway Speed Restricting System 
are shown in the block diagram of Fig. 10. 

 
Fig. 10 Sandusky Bay Causeway Train Speed Restricting System Components 
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Tipping moment data were obtained from wind tunnel tests and CFD simula-
tions. Data for the following car types were obtained from earlier wind tunnel tests 
[36, 37, 60, 63]. An example of the wind tunnel tipping moment coefficient plots 
is shown in Fig. 11. CFD models were constructed for each of the cars represented 
in the wind tunnel tests. Comparisons between forces and moments obtained from 
the CFD models compared favorably with those obtained during the wind tunnel 
tests. As noted earlier, the FLUENT RANS models provide good correlation with 
the average pressures on the leeward side of the vehicle, leading to good agree-
ment with the measured rolling moments. Peters [64, p. 464] showed similarly 
good agreement between calculated tipping moments (using FLUENT) and wind 
tunnel data. Additional CFD models were developed to obtain tipping moments 
for car types not included in the original wind tunnel tests. Car types were selected 
from lists, provided by Norfolk Southern Railway, of representative freight train 
consists that traverse the Sandusky Bay Causeway. Rail cars aerodynamic charac-
teristics obtained from the CFD models are listed in Table 5 and those obtained 
from earlier wind tunnel tests are listed in Table 6. Velocity profiles and pressure 
distributions for typical CFD models, in this case a 53’ well-type intermodal car at 
90° yaw, are shown in Figs. 12 and 13, respectively. 
 

 
Fig. 11 Example Tipping Moment Plot Obtained from Wind Tunnel Test Data: Autorack Car. 

 J.C. Paul, R.W. Johnson, and R.G. Yates 



Application of CFD to Rail Car and Locomotive Aerodynamics      273 

Table 5 Rail Cars Evaluated Using CFD Models (C = Container) 

 
Rail Car Lading 

BS177 Box Car Empty 
BS216 Box Car Empty 
BS89 Box Car Empty 
RoadRailer (53’ Trailer) Empty 
HS46 Hopper Car Empty 
H11D Hopper Car Empty 
G86 Gondola Car Empty 
53’ Well Car 53’ C on 53’ C 

 

Table 6 Rail Cars Evaluated Using Wind Tunnel Models (C = Container, T = Trailer) 

 
Rail Car Lading 

48’ Thrall Well Car 40’ C on 40’ C 
48’ Thrall Well Car 53’ C on 48’ C 
Gunderson Bulkhead Well Car 40’ C on 40’ C 
Gunderson Bulkhead Well Car 40’ C on 40’ C 
Gunderson Bulkhead Well Car 48’ C on 40’ C 
Gunderson Bulkhead Well Car 48’ C on 40’ C 
89’ Flat Car Two 40’ T 
89’ Flat Car Two 45’ T 
89’ Flat Car One 40’ C 
89’ Flat Car Autorack 

 
For each rail car, simulations were performed at yaw angles of 0°, 45°, 60°, 75°, 
and 90°, with 0° representing a pure headwind and 90° a pure cross wind condi-
tion. Forces and moments were computed for the center cars only for both the 
wind tunnel and CFD models. The upstream and downstream cars were included 
to provide an accurate representation of the flow field [50, pp. 151-152]. 
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Fig. 12 Velocity Profile for 53’ Well-Type Intermodal Car at 90° Yaw, Flow in Plane Perpen-
dicular to Train Longitudinal Axis at Mid-Car Location. 

Once the tipping moment relationships were established, 7th order polynomial 
curve fits were developed (see Fig. 11) and supplied as input to the train speed re-
stricting algorithms. 

 
A rail car will begin to rotate when the aerodynamic tipping moment exceeds 

the restoring moment. The restoring moment is taken as the weight of the railcar 
acting through the tipping arm. The aerodynamic tipping moment is taken as the 
weight of the rail car acting through the tipping arm, as illustrated in Figure 14.  
Note that dynamic effects are not included since they have been shown to be small 
compared to the wind forces and rail car weights. 
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Fig. 13 Pressure Distribution, Windward Side, 53’ Well-type Intermodal Car at 90° Yaw 

 
Fig. 14 Relationship Between Aerodynamic Tipping Moment and Restoring Moment 
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At the onset of tipping: 
 

Restoring Moment = Aerodynamic Tipping Moment 
 

 W·L = ½·ρ·V2·Ctip·Aref·Lref (3) 
 

where: 
 

W = Light Weight of Railcar (Less Trucks) Plus Empty Containers or Trailers 
L = Tipping Arm (Horizontal Distance between Railcar cg and Tipping Point) 
ρ = Air Density 
V = Wind Velocity Relative to Train 
Ctip = Tipping Moment Coefficient 
Aref = Reference Area = 100 ft2 

Lref = Reference Length = 50 ft 
 

As noted above, Ctip is defined as a function of yaw angle (ψ) using a 7th order 
polynomial curve fit of the form:  

 
 Ctip = a·ψ  + b·(ψ)3 + c·(ψ)5 + d·(ψ)7 (4) 

 
The parameters a, b, c, d are the polynomial curve fit coefficients. Yaw angle 

and relative wind speed (V) are both functions of train speed (Vt), wind speed 
(Vw), and wind angle (θ) relative to the track. The sketch below shows the rela-
tionship between these variables. 

 
 

Thus, relative wind speed and yaw angle can be expressed as: 
 

V2 = (Vt+Vw·cos(θ))2 + (Vw·sin(θ))2 

 (5) 
ψ = tan-1[Vw·sin(θ) / (Vt +Vw·cos(θ))] 

 
Recall that the equation for safe train speed comes from a balance of the aero-

dynamic tipping moment and the restoring moment: 
 

 0 = W·L-½·ρ·V2·Ctip·Aref·Lref (6) 
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Substituting the expressions for V and Ctip into the above equation yields the 
expression to be solved for safe train speed: 

 
 0 = W·L-½·ρ·[(Vt+Vw·cos(θ))2+(Vw·sin(θ))2]·[a·ψ+b·(ψ)3+c·(ψ)5+d·(ψ)7]·Aref·Lref  (7) 

 
Because ψ is a function of Vt, numerical methods must be used to solve the 

above equation. 
 
The weight used for each railcar is the light weight (less the truck weight) plus 

the empty weight of the appropriate container(s) or trailers. Unloaded weights are 
used in order to obtain the most conservative (lowest) tipping speeds for each rail-
car. The weight (W), and tipping arm (L), and tipping point for each rail car were 
included in the train speed restricting system database. 
 

Wind data were obtained using an ultrasound-based anemometer located at the 
Causeway. The sensor was located 500 feet north of the bridge on the lake side to 
avoid interference by the bridge structure. The sensor is programmed to provide 
wind speed and direction at 5 second intervals. 

 
Three separate computer algorithms work together to form the core of the 

Sandusky Bay speed restricting system. The names of these algorithms are SRS 
(acronym for Speed Restricting System), Wind, and Safespeed. Each performs a 
specific task in the computation and display of safe train speeds. Program SRS is 
installed on the Train Dispatcher’s computer. Programs Wind and Safespeed are 
installed on the computer located at the Causeway. Program Wind acquires data 
from the anemometer and provides the information to Program Safespeed which, 
in turn, calculates the tipping speed for each rail car in the consist. These files are 
transferred to SRS for display on the Dispatcher’s console. 

Results and Conclusions, Section II: Wind-Induced Tip-Over 

Wind tunnel and CFD investigations of a variety of freight cars were used to 
assemble a tipping moment data base for cross wind conditions. Each of the rail 
cars included in the data base exhibits a particular type of tip-over behavior as 
summarized in Table 7. These data served as the basis for development of a real-
time speed restricting system for the Sandusky Bay Causeway. The system in-
cludes a set of computer algorithms for calculating safe train speeds based on 
wind data obtained from a site-mounted anemometer. 
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Table 7a Rail Car Tipping Characteristics, Car Parameters 

   Tipping Point Relative to Railcar Light Unloaded
Centerline Top-of-Rail Position Weight Lading

Horizontal Vertical Including Weight
Railcar Location (in.) Location (in) Trucks (lbs) (lbs)

BS177 Box Car 25 30 66,400 0
BS216 Box Car 25 30 77,400 0
BS 89 Box Car 25 30 111,800 0
53 Foot RoadRailer 28.25 0 - 15,800
HS46 Hopper Car 25 30 80,000 0
H11D Hopper Car 25 30 56,300 0
G86 Gondola Car 25 30 59,000 0
53 Foot Well Car 25 40 50,000 20,000
48 Foot Thrall Well Car 25 40 48,900 14,800
48 Foot Thrall Well Car 25 40 48,900 19,000
Gunderson Bulkhead Well Car 25 40 41,000 14,800
Gunderson Bulkhead Well Car 50.3 125.5 - 7,400
Gunderson Bulkhead Well Car 25 40 41,000 16,400
Gunderson Bulkhead Well Car 53.3 125.5 - 9,000
89 Foot Car 25 25.5 68,000 26,000
89 Foot Car 25 25.5 68,000 28,000
89 Foot Car 48 47.5 68,000 7,400
89 Foot Car 25 25.5 97,000 0  

Table 7b Rail Car Tipping Characteristics, Manner of Tipping 

Total Weight
of Tipping Manner
Railcar and of

Railcar Lading (lbs) Tipping
BS177 Box Car 42400 Railcar tips off trucks
BS216 Box Car 53400 Railcar tips off trucks
BS 89 Box Car 87800 Railcar tips off trucks
53 Foot RoadRailer 27400 Combined trailer & trucks tip off rail
HS46 Hopper Car 56000 Railcar tips off trucks
H11D Hopper Car 32300 Railcar tips off trucks
G86 Gondola Car 35000 Railcar tips off trucks
53 Foot Well Car 46000 Combined trailer & trucks tip off rail
48 Foot Thrall Well Car 39700 Combined trailer & trucks tip off rail
48 Foot Thrall Well Car 43900 Combined trailer & trucks tip off rail
Gunderson Bulkhead Well Car 43800 Combined trailer & trucks tip off rail
Gunderson Bulkhead Well Car 7400 Top container tips off bottom container
Gunderson Bulkhead Well Car 45400 Combined trailer & trucks tip off rail
Gunderson Bulkhead Well Car 9000 Top container tips off bottom container
89 Foot Car 70000 Combined trailer & trucks tip off rail
89 Foot Car 72000 Combined trailer & trucks tip off rail
89 Foot Car 51400 Container blows off Railcar
89 Foot Car 73000 Railcar tips off trucks  
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Section III: Diesel Exhaust Plume Behavior 

Many studies have indicated a relation between occupational exposure to die-
sel exhaust and diseases of the lung [65-68]. The relative risk (RR) for lung can-
cer, for example, among those classified as having been exposed to diesel exhaust, 
is approximately 1.2 to 1.5 times the risk in those classified as unexposed. Diesel 
exhaust emissions contain hundreds of chemical compounds, which are partly in 
the gaseous phase and partly in the particulate phase. Railroad locomotive opera-
tors have issued complaints regarding diesel exhaust entering the cab through 
open windows [69]. Most diesel particles are small enough (0.02 to 0.5 μm) to be 
transported deep into the lungs, where they pose the greatest hazard to human 
health [70, 71]. The goal of the current study is to evaluate the behavior of exhaust 
plumes issuing from diesel locomotives and quantify the levels of exhaust compo-
nents at the operator cab window. 

Review of Past Work 

It is well known that separation zones on the leeward sides of large rectangu-
lar objects can entrain exhaust flows. To prevent “sick building” syndrome, for 
example, the American Society of Heating, Refrigeration, and Air Conditioning 
Engineers publishes guidelines for exhaust stack heights and intake vent locations 
for buildings and industrial facilities [72]. During wind tunnel tests completed for 
General Electric Transportation Systems during 1986 [73], smoke flow visualiza-
tion methods were employed to assess the behavior of the simulated diesel engine 
exhaust plume for a locomotive. The study showed the plume was relatively unaf-
fected by passive changes to the locomotive surface (strakes, baffles, vanes). As 
the photo in Fig. 15 shows, the exhaust is entrained within a strong vortex pattern 
on the leeward side of the locomotive that envelopes the operator’s cab when the 
locomotive is operated with the long hood forward. It was shown that an auxiliary 
blower is effective at moving the plume above the operator’s cab as shown in Fig. 
16. Operating the locomotives with the short hood forward significantly reduces 
the concentration of the plume on the lead locomotive operator’s cab. 
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Fig. 15 Diesel Exhaust Plume Behavior: 1/15-Scale Wind Tunnel Test, Yaw Angle = 10°, Long 
Hood Forward, Baseline Exhaust System 

  
Fig. 16 Diesel Exhaust Plume Behavior, 1/15-Scale Wind Tunnel Test, Yaw Angle = 10°, Long 
Hood Forward, with Auxiliary Blower in Operation. 
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Approach 

To quantify the concentration of exhaust at the locomotive operator’s cab win-
dow, a significant research and simulation effort was required. The approach to 
performing this study is outlined below and shown schematically in Fig. 17. 
 

Specific tasks included a) identification of typical switchyard and line-haul lo-
comotives. Various references were employed, including the latest edition of The 
Car and Locomotive Cyclopedia of American Practices, locomotive manufacturer 
specifications, inventories of locomotives in various railroad fleets, and interviews 
with industry experts [74], b) assessment of U.S. track surveys and meteorological 
data, c) an evaluation of typical crosswind conditions (wind yaw angles) experi-
enced within switchyards and line-haul operations, d) identification of typical lo-
comotive throttle (notch) positions and train speeds for both switchyard and line-
haul operations (these were used to calculate typical exhaust flow rates), e) diesel 
exhaust characteristics (flow rates, composition, and temperature) were obtained 
for a variety of locomotives, and f) other field test and wind tunnel test data relat-
ing to locomotive exhaust plume behavior were reviewed including field tests, 
wind tunnel tests, and CFD simulations. Concentrations of exhaust gas compo-
nents and particulate matter at the leeward side windows of locomotives operating 
in both switchyard and line-haul conditions were identified for a range of operat-
ing conditions, based on the concentrations defined by the numerical models and 
the exhaust composition information obtained from the literature. 
 

Full details of the exhaust concentration studies can be found in Paul and Lin-
field [75, 76]. A study of weather conditions [77] along a large number of railroad 
routes indicates that cross wind conditions occur during a majority of the time. 
Locomotives operating in cross wind conditions exhibit two distinct flow regions: 
1) windward side of the vehicle, and 2) leeward side of the vehicle.  Air flow pat-
terns on the leeward side are characterized by large vortex formations and strong 
recirculating conditions. This recirculating, leeward-side wake acts to entrain 
gases emitted at the diesel engine exhaust stack. 

 
To define effects of cross winds, both the track orientation and ambient wind 

patterns must be evaluated. During earlier studies [75, 76], specific track orienta-
tions were obtained from survey data and combined with historical wind records 
to determine the relative angle and speed of the air approaching the train. Analyses 
of train routes, train speeds, and ambient wind conditions indicate yaw angles vary 
from 5º to 69º. Lower yaw angles apply to higher train speeds and lower wind 
speeds. Higher yaw angles correspond to lower train speeds and higher wind 
speeds. 
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Fig. 17 Determination of Diesel Exhaust Plume Concentrations within Locomotive Cabs, Project 
Flow Chart. 
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A review of existing locomotive exhaust test data indicated flow rates are line-
arly proportional to engine horsepower [78]. Thus, for each throttle setting (also 
called “notch setting”) used in the numerical simulations, the diesel exhaust flow 
rate can be scaled from available test data for similar 2-cycle engines. Test data 
available in the literature, such as that reported by Southwest Research Institute 
[79], were used to calculate exhaust gas temperatures and flow rates for a variety 
of locomotive models and manufacturers. 

 
Exhaust gas composition was determined based on locomotive diesel engine 

test data reported in the literature (Bosch Automotive Handbook [80], Southwest 
Research Institute [81]).  Exhaust gas components included in the current and pre-
vious studies were: 1) oxides of nitrogen (NOx), 2) carbon monoxide (CO), 3) un-
burned hydrocarbons, 4) sulfur dioxide (SO2), and 5) particulate matter. The ex-
haust composition for typical 2-cycle diesel engines is summarized in Table 8: 

 

Table 8.  Exhaust Composition for 2-Cycle Diesel Locomotive Engines 

Exhaust 
 Component 

Low Value 
(g/bhp-hr) 

High Value 
(g/bhp-hr) 

Low Value 
(kg/bhp-sec) 

High Value 
(kg/bhp-sec) 

NOx 10.01 16.11 2.78E-06 4.48E-06 

CO 0.37 3.68 1.03E-07 1.02E-06 

Unburned Hydrocarbons 0.20 0.45 5.56E-08 1.25E-07 

SO2 0.69 1.18 1.92E-07 3.28E-07 

Particulate Matter 0.14 0.24 3.89E-08 6.67E-08 
g/bhp-hr = grams per brake horsepower hour 

kg/bhp-sec = kilograms per brake horsepower second 
 

The mass fraction of diesel exhaust concentrations in the vicinity of a variety 
of locomotives has been calculated using the VISCOUS finite volume RANS code 
[5]. This code employs a staggered pressure-based solver over a Cartesian grid. 
The grid extended four train lengths forward of the locomotive, three train lengths 
aft of the trailing locomotive, 10 train heights above the locomotives and 5 train 
widths to each side. Initial models were evaluated using a range of grid sizes from 
fine to coarse in order to confirm grid independence. Boundary conditions, repre-
senting ambient wind conditions, were imposed at the outer edges of the computa-
tional domain. Additional boundary conditions relating to locomotive operation 
(exhaust flows, dynamic brake flows, electronics cooling flows, engine cooling 
system, etc.) were imposed at the appropriate geometric locations within the grid 
structure. The local concentrations of exhaust components were determined from 
the numerical simulation results (exhaust concentrations) and the exhaust compo-
nents for 2-cycle diesel locomotive engines 
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In addition to ambient conditions (wind direction, speed, temperature), loco-
motive geometry, and operating conditions (exhaust flow rates, exhaust tempera-
tures, throttle positions), field tests of locomotive exhaust plume behavior and ex-
haust component concentration measurements taken within cabs of operating 
locomotives were included in the analysis [82, 83, 84]. The models and field tests 
confirmed the characteristic windward/leeward side delineation of the flow field in 
the vicinity of operating locomotives operating under crosswind conditions. The 
strong recirculation region on the leeward side of the locomotive acts to entrain 
the gases emitted from the diesel engine exhaust and moves these gases along the 
longitudinal axis of the train. 

 
Numerical simulations of diesel exhaust plume behavior were completed for 

seven locomotive types and 27 configurations (train orientation, wind speed, wind 
direction, exhaust flow rate). Three examples have been selected and are presented 
in Figs. 18 through 20. Each of these figures shows the calculated concentrations 
at various planes along the length of the train. The red colors correspond to re-
gions having exhaust concentrations equal to the concentration at the stack outlet 
plane. Orange represents regions having exhaust concentrations equal to 1/10th of 
the concentration at the stack exit. The yellow regions have concentrations equal 
to 1/100th of the concentration at the stack exit, and so forth. The color scale is 
logarithmic, so the numbers represent concentration changes that vary by powers 
of 10.  
 

The exhaust plume enters the wake on the leeward side and travels along this 
side of the train. Concentrations of exhaust components are higher in those wakes 
corresponding to higher train speeds and smaller yaw angles, such as those en-
countered in city-to-city runs (Figs. 19 and 20). Higher yaw angles, which occur at 
lower train speeds and higher cross wind speeds (Fig. 18), tend to enlarge the 
wake on the leeward side of the train and reduce the exhaust concentrations com-
pared to those encountered at higher speeds where the wake tends to remain closer 
to the side of the train. 
 

The numerical simulations indicate exhaust concentrations in the lead locomo-
tive are highest for locomotives operated with the long hood forward. For switch-
yard operations (low speeds), exhaust concentrations in the lead locomotive in-
crease with increasing yaw angles. For line-haul operations (high speeds), exhaust 
concentrations in the lead locomotive decrease with increasing yaw angles. Higher 
concentrations of exhaust occur at the leeward windows of the trailing locomotive 
for both the switchyard and line-haul operations. 
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Fig. 18 Two GM EMD GP38 Locomotives, Both Oriented with Short Hood Forward, Throttle 
Position = Notch 8, Train Speed = 5 miles/hour, Wind Speed = 5 miles/hour (45° Yaw), Typical 
Low Speed (Switchyard) Operation.  Train Direction: to the left; Crosswind: into the page. 

 
Fig. 19 Two GM EMD SD40 Locomotives, Both Oriented with Short Hood Forward, Throttle 
Position = Notch 5, Train Speed = 45 miles/hour, Wind Speed = 7 miles/hour (8.8° Yaw), Typi-
cal High Speed (Linehaul) Operation.  Train Direction: to the left; Crosswind: into the page. 
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Fig. 20 Two GM EMD SD40 Locomotives, Both Oriented with Long Hood Forward, Throttle  
Position = Notch 5, Train Speed = 45 miles/hour, Wind Speed = 7 miles/hour (8.8° Yaw), Typi-
cal High-Sped (Linehaul) Operation.  Train Direction: to the right; Crosswind: into the page. 

Maximum exhaust concentrations for the lead locomotive occur for locomo-
tives operating in line-haul service with the long hood forward and were as high as 
0.008% of the concentration at the stack exit. Concentrations of exhaust at the 
leeward-side window of trailing locomotives were found to be relatively higher 
than that of the lead locomotive for either hood orientation. 
 

Concentrations for both the gaseous components and the particulate matter 
present in the exhaust plume were calculated. Exhaust concentrations were ob-
tained from the numerical simulations and component concentrations were defined 
using the calculation procedures. The diesel exhaust components of Table 8 can be 
converted to mass fractions for comparison to the results of the numerical models 
as shown in Table 9. 
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Table 9 Exhaust Flow Composition (Mass Fraction) for 2-Cycle, 12-Cylinder Diesel Engine as a 
Function of Throttle Position 

Exhaust Gas 
Component 

Throttle 
Notch 5  

Flow Rate 
(grams/hr) 

Throttle 
Notch 5 

Flow Rate 
(kg/sec) 

Throttle 
Notch 5 

Mass 
Fraction* 

Throttle 
Notch 8 

Flow Rate 
(grams/hr) 

Throttle 
Notch 8 

Flow Rate 
(kg/sec) 

Throttle 
Notch 8 

Mass 
Fraction* 

NOx 25,584 0.0071 0.0027 47,133 0.0131 0.0038 

CO 3,895 0.0011 0.0004 3,034 0.0008 0.0002 

Hydrocarbons 595 0.0002 0.0001 1,375 0.0004 0.0001 

SO2 1,568 0.0004 0.0002 3,361 0.0009 0.0003 

Particulate 348 0.0001 0.00004 697 0.0002 0.00006 

          02            (reported as mass fraction): 0.139 (reported as mass fraction): 0.119 

* Component Mass Fraction = (component flow Rate kg/sec)/(Total Exhaust Flow Rate kg/sec) 
Total Exhaust Flow Rate = 3.446 kg/sec (Notch 8) and 2.639 kg/sec (Notch 5) 

Gaseous Components: 

The molecular weight of the exhaust gas mixture at Notch Position 5 was cal-
culated to be 28.875 [75].  Similarly, the molecular weight of the exhaust gas mix-
ture at Notch Position 8 was determined to be 28.803. The following procedure 
was then applied to determine the mole fractions of each gaseous exhaust compo-
nent at the leeward side windows for each of the simulated locomotives at both the 
leading and trailing positions. 

A. For each of the selected simulations, obtain the mass fraction of 
exhaust present at the operator’s cab leeward side window. 

B. Determine the mass fraction of each exhaust component at the 
operator’s cab window for each of the eight simulations and for 
both the leading and trailing locomotive (multiply component 
mass fraction by exhaust concentration at that location). 

C. Calculate the mole fraction of the exhaust gas component. 
D. Multiply the mole fraction by 1,000,000 to obtain the concentra-

tion for each component in ppmv. 
The results for the gaseous component concentrations at the leeward-side window 
for the leading and trailing locomotives are shown in Tables 10 and 11, respec-
tively. 
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Table 10a Calculated Exhaust Concentrations at the Leeward-Side Window of the Leading Lo-
comotive, NOx, CO, Hydrocarbons, SO2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

NOx 

(ppmv) 

CO 

(ppmv) 

HCs 

(ppmv) 

SO2 

(ppmv) 

GP38 Short 45º 0.00000 0.00000 0.00000 0.00000 

GP38 Short 21.8º 0.00000 0.00000 0.00000 0.00000 

GP38 Long 45º 0.11646 0.00832 0.00830 0.00546 

GP38 Long 21.8º 0.04037 0.00288 0.00288 0.00189 

SD40 Short 49.7º 0.00000 0.00000 0.00000 0.00000 

SD40 Short 8.84º 0.01252 0.00252 0.00126 0.00055 

SD40 Long 49.7º 0.00621 0.00125 0.00062 0.00027 

SD40 Long 8.84º 0.17326 0.03483 0.01738 0.00762 

 

Table 10b Calculated Exhaust Concentrations at the Leeward-Side Window of the Leading Lo-
comotive, O2, CO2, Aldehydes, and N2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

O2 

(ppmv) 

CO2 

(ppmv) 

Aldehydes N2 

(ppmv) 

GP38 Short 45º 0.00000 0.00000 0.00000 0.00000 

GP38 Short 21.8º 0.00000 0.00000 0.00000 0.00000 

GP38 Long 45º 4.33325 1.85280 0.00054 32.5184 

GP38 Long 21.8º 1.50206 0.64225 0.00019 11.27201 

SD40 Short 49.7º 0.00000 0.00000 0.00000 0.00000 

SD40 Short 8.84º 0.76606 0.28042 0.00008 4.80206 

SD40 Long 49.7º 0.38001 0.13911 0.00004 2.38212 

SD40 Long 8.84º 10.5982 3.87951 0.00114 66.43475 

 
It is noted that the concentrations in Tables 10 and 11 are for the exhaust com-

ponents only. In other words, the oxygen and nitrogen components originate at the 
stack. Of course, oxygen and nitrogen from the surrounding air would also be pre-
sent at these locations. Since the goal of the current study is to calculate the levels 
of exhaust components present at the operator’s cab windows that originated in the 
engine, the concentrations of components present in the ambient air were not in-
cluded. 
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Table 11a Calculated Exhaust Concentrations at the Leeward-Side Window of the Trailing Lo-
comotive, NOx, CO, Hydrocarbons, SO2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

NOx 

(ppmv) 

CO 

(ppmv) 

HCs 

(ppmv) 

SO2 

(ppmv) 

GP38 Short 45º 0.04893 0.00349 0.00349 0.00229 

GP38 Short 21.8º 0.06834 0.00488 0.00487 0.00320 

GP38 Long 45º 1.44415 0.10314 0.10296 0.06765 

GP38 Long 21.8º 0.30381 0.02170 0.02166 0.01423 

SD40 Short 49.7º 0.36723 0.07383 0.03685 0.01614 

SD40 Short 8.84º 10.4923 2.10936 1.05280 0.46116 

SD40 Long 49.7º 1.06756 0.21462 0.10712 0.04692 

SD40 Long 8.84º 9.59582 1.92914 0.96285 0.42175 

Table 11b Calculated Exhaust Concentrations at the Leeward-Side Window of the Trailing Lo-
comotive, O2, CO2, Aldehydes, and N2. 

Loco-

motive 

Hood 

Forward 

Yaw 

Angle 

O2 

(ppmv) 

CO2 

(ppmv) 

Alde-

hydes 

N2 

(ppmv) 

GP38 Short 45º 1.82078 0.77852 0.00023 13.6638 

GP38 Short 21.8º 2.54299 1.08732 0.00032 19.0835 

GP38 Long 45º 53.7351 22.9759 0.00673 403.248 

GP38 Long 21.8º 11.3044 4.83351 0.00142 84.8327 

SD40 Short 49.7º 22.4631 8.22271 0.00241 140.810 

SD40 Short 8.84º 641.808 234.937 0.06886 4,023.18 

SD40 Long 49.7º 65.3021 23.9042 0.00701 409.347 

SD40 Long 8.84º 586.971 214.864 0.06298 3,679.43 

Particulate Matter: 

Emissions and exposure guidelines for diesel particulate matter are generally 
given in units of mass per unit volume, typically, milligrams per cubic meter. As 
was done with the gaseous components, a calculation procedure was developed to 
determine the concentrations of diesel particulate at the leeward-side windows of 
the leading and trailing locomotives represented in the numerical simulations. The 
initial calculations involve determination of the total exhaust concentration at the 
locomotive window locations. The concentration of exhaust, in units of percent of 
total mass, at the leeward-side windows of both the leading and trailing locomo-
tives can be taken from the computer simulations. If we multiply these concentra-
tions by 1 x 106, we obtain the entries in Table 12, which are in units of parts per 
million based on mass. 
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Table 12 Concentrations of Exhaust at Cab Windows of Leading and Trailing Locomotives on a 
Mass Basis 

 
 

Loco- 
Motive 

 
 

Hood 
Forward 

 
 

Yaw  
Angle 

 
Train 
Speed 
(mph) 

Concentration of  
Exhaust at Cab  

Window of Lead 
Locomotive (ppmmass) 

Concentration of  
Exhaust at Cab  

Window of Trailing 
Locomotive (ppmmass) 

GP38 Short 45º 5 0.000 16.994 

GP38 Short 21.8º 5 0.000 23.734 

GP38 Long 45º 5 40.448 501.519 

GP38 Long 21.8º 5 14.019 105.506 

SD40 Short 49.7º 5 0.000 179.038 

SD40 Short 8.84º 45 6.106 5,115.433 

SD40 Long 49.7º 5 3.029 520.481 

SD40 Long 8.84º 45 84.471 4,678.365 

To determine the mass flow rates of particulate, the following relationship is used: 

Mdotp = Ps · HP (8) 
where: 
 Mdotp = Mass Flow Rate of Particulate (kg/sec) 
 Ps = Measured Particulate Emissions (kg/bhp-sec) 
 HP = Engine Power (bhp) 
For the selected engine, throttle position Notch 5 corresponds to 1,463 horsepower 
and Notch Position 8 corresponds to 2,120 horsepower.  Thus, the particulate flow 
rates at the exhaust stack for these two conditions are: 

Table 13 Particulate Mass Flow Rates at Exit Plane of Diesel Engine Exhaust Stack 

Tested Emissions Particulate Mass Flow Loco- 
motive 

Throttle 
Notch 
Setting 

Engine 
Power 
(bhp) 

Low Value 
(kg/bhp-sec) 

High Value 
(kg/bhp-sec) 

Low Value 
(kg/sec) 

High 
Value 

(kg/sec) 
GP38 8 2,120  3.89 x 10-8 6.67 x 10-8 8.25 x 10-5 1.41 x 10-4 

SD40 5 1,463  3.89 x 10-8 6.67 x 10-8 5.69 x 10-5 9.76 x 10-5 

 
To calculate the particulate concentrations at the cab window locations, the 

following relationship was used: 
 

Particulate Concentration (mg/m3) = [(MFe) x (MFRp /MFRe)] x [ρm] x (106 mg/kg) (9) 
 

where: MFe = mass fraction of exhaust at leeward window location  
(from simulation) 

MFRp = mass flow rate of particulate at exhaust stack (kg/sec) 
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MFRe = mass flow rate of exhaust (kg/sec) 
ρm = density of air and exhaust gas mixture 

 
The density of the air and exhaust gas mixture can be determined from the ideal 
gas law: 

ρm = [(Tssc + 273 ºC)/(Tw + 273 ºC)] x [ρssc] (10) 
where: Tssc = Temperature (ºC) at sea level, standard conditions 
 Tw = Temperature at window location (ºC) 
 ρssc = Density at sea level, standard conditions 
 
The results of the particulate concentration analysis for both the leading and trail-
ing locomotives and for the lower and upper value of measured particulates at the 
stack are presented in Tables 14 and 15. 

Table 14 Particulate Concentrations at Cab Windows of Leading and Trailing Locomotives 
Based on Lower Value of Particulate Emissions at Stack. 

Loco- 
Motive 

Hood 
Forward 

Yaw  
Angle 

Train 
Speed 
(mph) 

Concentration of  
Particulate at Cab  
Window of Lead 

Locomotive (mg/m3 ) 

Concentration of  
Particulate at Cab  

Window of Trailing 
Locomotive (mg/m3 ) 

GP38 Short 45º 5 0.0000 0.0005 

GP38 Short 21.8º 5 0.0000 0.0007 

GP38 Long 45º 5 0.0011 0.0142 

GP38 Long 21.8º 5 0.0004 0.0030 

SD40 Short 49.7º 5 0.0000 0.0046 

SD40 Short 8.84º 45 0.0002 0.1303 

SD40 Long 49.7º 5 0.0001 0.0133 

SD40 Long 8.84º 45 0.0022 0.1192 

Table 15 Particulate Concentrations at Cab Windows of Leading and Trailing Locomotives 
Based on Upper Value of Particulate Emissions at Stack. 

Loco- 
Motive 

Hood 
Forward 

Yaw  
Angle 

Train 
Speed 
(mph) 

Concentration of  
Particulate at Cab  
Window of Lead 

Locomotive (mg/m3 ) 

Concentration of  
Particulate at Cab  

Window of Trailing 
Locomotive (mg/m3 ) 

GP38 Short 45º 5 0.0000 0.0008 

GP38 Short 21.8º 5 0.0000 0.0012 

GP38 Long 45º 5 0.0020 0.0244 

GP38 Long 21.8º 5 0.0007 0.0051 

SD40 Short 49.7º 5 0.0000 0.0078 

SD40 Short 8.84º 45 0.0003 0.2234 

SD40 Long 49.7º 5 0.0001 0.0228 

SD40 Long 8.84º 45 0.0037 0.2044 
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Results and Conclusions, Section III: Diesel Exhaust Plume 
Behavior 

Calculation procedures have been developed to determine the concentrations 
of diesel exhaust components, both gaseous and particle, at the leeward-side op-
erator’s cab window for both leading and trailing locomotives. Exhaust concentra-
tions were obtained from CFD simulations and component concentrations were 
defined using the calculation procedures. 

 
Calculations of the exhaust concentrations and exhaust components at the lo-

comotive leeward-side windows showed several interesting results.  
a) In switchyard and low-train-speed operations, exhaust concentrations 

at the trailing locomotive window are typically 10 to 800 times 
greater than those at the leading locomotive window when both lo-
comotives have the same hood orientation. 

b) In switchyard and low-train-speed operations, exhaust concentrations 
at the leeward-side window of the leading locomotive when operated 
with the long-hood-forward are between 3 and 30 times greater than 
those at the same location when the locomotive is operated with the 
short-hood-forward. 

c) For line-haul operations, the recirculation zone on the leeward side 
of the locomotives is very strong and remains in closer proximity to 
the leeward side of the train. Exhaust concentrations at the leading 
locomotive cab leeward-side window with the locomotives oriented 
with the long-hood-forward are 14 times greater than those at the 
same location when the locomotives are oriented with the short hood 
forward. For the trailing locomotive, the exhaust concentrations at 
the leeward window are nearly equal for both the short-hood-forward 
and long-hood-forward orientations, again due to the strong vortex 
(recirculation zone) present in this area during high-speed operation. 

d) The same trends were seen with the concentrations of particulate 
matter. 

e) Because of the strong vortex pattern and high levels of turbulence on 
the leeward side of the locomotive, the diesel exhaust components 
are transported to the interior of the operator’s cab through open 
windows. For high-speed line-haul operation, diesel exhaust compo-
nents are present at the operator’s cab window even when the loco-
motive is operated with the short-hood forward. 
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Conclusions and Suggestions for Future Research 

CFD methods have been shown to be effective at evaluating the aerodynamics 
of rail cars and locomotives. The methods were employed to quantify the drag 
characteristics of external railcar features including well car side-posts and inter-
platform gaps.  Simulation results were coupled with wind tunnel tests to develop 
a database of tip-over tendencies for a variety of car types. Additionally, CFD 
models were developed for several locomotives operating under a number of am-
bient conditions (wind speed, wind direction). The concentration of diesel exhaust 
at the operator cab window was quantified. Correlations of the CFD results with 
previously collected wind tunnel and field data were performed for many of the 
simulations. 
 

Additional research is suggested including: continued evaluation of rail car 
drag reduction designs using advanced CFD methods, additional wind tunnel and 
field tests to verify the various CFD models, and wind tunnel measurements of 
exhaust plume concentrations to verify simulation results. 
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Abstract   The design, production and verification of a data acquisition system to 
measure aerodynamic and mechanical characteristics of a tractor-trailer combina-
tion, operating in a real life environment, are presented. The main goal of this 
work is to derive a reference level of a truck with respect to its aerodynamic and 
mechanical performances. This way, if the truck is equipped with different aero-
dynamic aids, a correct comparison can be made between the aerodynamic drag 
reductions obtained by these devices. Also, a relation can be defined which links 
the aerodynamic drag reduction with fuel consumption savings. The acquisition 
system consists of an anemometer, which measures the wind speed and direction, 
and a two-axis inclination indicator, which is coupled to the FMS of the tractor via 
the CAN communication system and to the wipers to indicate if it is raining or not. 
The FMS of the tractor is measuring, for instance, the vehicle speed, the engine 
torque, the rpm, acceleration pedal position, cruise control, fuel rate, cargo weight 
and the like. All the measured data are registered on a hard disk and can be ac-
cessed through a simple USB connection. The processed data gives insight in the 
performance of the driver and in the aerodynamic behavior (CD value of 0.430) as 
well as the mechanical characteristics (power required breakdown; 47% rolling re-
sistance, 39% aerodynamic drag and 15% mechanical losses; average speed of 75 
km/h; fuel consumption of 30 liters per 100 km) of the truck. 

1 Introduction 

The heavy duty transport industry which uses trucks to transport cargo is a 
very large business area since it is still the most used transport solution to deliver 
consumer goods. This fact manifests itself in an increasing amount of trucks on 
the road and in increased total fuel consumed, together with the related cost, for 
road transport. Due to the rising fuel prices it is crucial however, to find solutions 
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for this high fuel cost in order to stay competitive in this aggressive and fast 
changing market due to, for instance, the growth of the European Union. Gener-
ally there are two ways to reduce the fuel consumption of a vehicle. One can im-
prove the efficiency of the available power which means an increase of the power 
delivered by the engine or, on the other hand, the required power that is needed to 
overcome the forces needs to be lowered. Considering the latter, it signifies 
achieving a reduction of fuel consumption by minimizing the weight of the vehicle 
and/or reducing its aerodynamic drag. Also the friction resistance of the tires is an 
important aspect with respect to the fuel consumption of road vehicles. 

The reduction of fuel consumption of trucks by aerodynamic means has be-
come an accepted practice in the last decades by mounting add-on devices for the 
tractor and the trailer. Also modifications of the main shape of the vehicle im-
proved the aerodynamic efficiency in a positive way. Besides extensive wind tun-
nel testing, road testing of the aerodynamic devices is needed to convince the 
transportation market of the effectiveness of the aids. In this perspective a data ac-
quisition system is designed, built and installed on a truck for the purpose of col-
lecting data of the aerodynamic and mechanical performances of the vehicle and 
to register the behavior of the truck driver. The following collected parameters of-
fer a complete overview of the performances: wind speed and direction, inclina-
tion and banking angle, vehicle speed, torque, rpm, vehicle weight, fuel consump-
tion, distance traveled, cruise control activation, brake and acceleration pedal 
position. 

The data acquisition system will be used to define a reference level of a par-
ticular truck, which is the starting point to compare different measured fuel econ-
omy improvements of several aerodynamic aids consistently. It also makes it pos-
sible to define a relation between the aerodynamic drag reduction and the fuel 
savings like M.J. Rose [1]. Previous road tests and investigations [2, 4, 3] have 
shown that the side wind is responsible for a small, but impossible to ignore, drag 
rise. In this respect it is important to consider a certain range of side winds during 
the design of vehicles and aerodynamic devices. Therefore the vehicle speed and 
wind direction are being measured and can be used as input data for numerical 
simulations and wind tunnel experiments. 

The results which are discussed below are obtained from the installed data ac-
quisitions system in a European tractor-trailer configuration of Jan de Rijk Trans-
port (DAF XF95 type Space-cab with 3-axle trailer) which was transporting cargo 
all through West Europe in the period of February until July 2006. The registered 
data was downloaded weekly and processed with the aid of Matlab in order to get 
the desired output. 
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2 Sensors 

WindSonic 

The wind direction and speed is measured with the Windsonic [5], Fig.1, pro-
vided by Gill instruments. The WindSonic is a lightweight unit (0.5 kg) of robust 
construction, manufactured in a polycarbonate blend material which proved to in-
stallation and use without damage. The WindSonic measures the time taken for an 
ultrasonic pulse of sound to travel from the North transducer to the South trans-
ducer, and compares it with the time for a pulse from S to N transducer. In the 
same way the times are compared between West and East, and E to W transducers. 
The output of the WindSonic goes via a RS232 protocol and is picked up by a 
RS232 to CAN (Controller Area Network) device developed by Squarell Technol-
ogy [6]. In order to guarantee the accuracy of the measurements it is important to 
know if it’s raining. Therefore a sensor cable is connected to the engines of the 
windscreen wipers. 

2-axis incline indicator 

The second sensor mounted on the chassis of the truck is the two-axis incline 
indicator [7], which measures the pitching and banking angle, fig.1. The two-axis 
incline indicator has die cast aluminum housing with two integrated sensors for 
measuring inclinations along two axes. As well as the sensors, the box contains 
two independent signal conditioners, each with a 4-20mA, 2-wire output, and two 
separate voltage supply feeding of the corresponding current loop, one for each 
sensor. The two-axis incline indicator gives a range of 4 to 20 mA as output signal 
that corresponds to the calibrated range of angles. The Volt-mAmpere device of 
Squarell Technology receives the mA signals in a proper way. 

Fleet Management System 

Recent modern trucks are equipped with a Fleet Management System (FMS) 
which is a communication system with CANbus cable connections that measures 
and can register many variables amongst others engine power and torque, fuel 
consumption, velocity, rpm, vehicle weight, etc. according to the performance and 
the behavior of the truck and its driver. This data should enable us to create a blu-
eprint of the circumstances of the surroundings and break up the total required 
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power in the different components. The sensors that are being used by the FMS to 
measure the truck related data are standard and already present on the truck. 

3 Data Acquisition System 

The desired data is logged with the aid of an ILogCan device developed by 
Squarell Technology. The ILogCan which is being used can store a total amount 
of 516MB and is linked simply with a USB-cable connected to a laptop to log the 
data. A special cable will link the ILogCan trough the FMS-plug to the CANbus 
communication system of the truck. 

The total data acquisition system together with both the WindSonic and the 2-
axis incline indicator are being installed in the cabin, on the roof of the cabin and 
onto the chassis of the truck behind the cabin of the DAF XF95. The different 
Squarell devices (RS323 to can, digital input device, V-mA device and ILogCan) 
are orderly assembled together into a waterproof electro box, Fig.1. 
 

 
Fig. 1 Assembly of the data acquisition system. 
 

The ILogCan is linked to the board computer of the truck through a special 
FMS to a DAF cable plugged in the CDM (Command Data Module) unit in the 
fuse box of the truck. The 12V power supply for the data acquisition system and 
the Wind- Sonic are also situated in this fuse box behind the passenger dashboard. 
A special bracket of stainless steel for the WindSonic is made to provide enough 
stiffness and is mounted in the symmetric plane just in front at the top roof of the 
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cabin. The two-axis incline indicator is fixed onto the chassis behind the cabin 
with a small stainless plate together with simple vibration dampers and bolts. 

4 Results 

The 500MB of data obtained by the measurement system is saved in four dif-
ferent text-files and are analyzed and processed with the aid of Matlab. The data 
acquisition system and the sensors were installed in the DAF XF95 at the begin-
ning of February. Only the measurements from the 22th of May until the 28th of 
June 2006 will be discussed. The 28th of June was the last day of the measure-
ments and the day the system was disassembled from the truck. To reduce the 
amount of working and memory time, the number of cells are reduced by taking 
an average over four measuring points, meaning that each value represents 2 sec-
onds in time. With the aid of descriptive statistics and SPSS more general insight 
in the performance of the vehicle is possible. Besides the descriptive statistics pos-
sible relations between the different measured parameters are being investigated. 

4.1 Descriptive Statistics 

Vehicle velocity 

Figure 2a shows the frequencies (number of measuring points during the test 
period) of the vehicle speed during the measuring period. The first thing that 
catches the eye is the large amount of time (in terms of percentage) when the ve-
hicle is standing still. Also two different peaks at 80 km/h and 90 km/h are notice-
able. Apparently the driver is driving at different maximum velocities in different 
countries. The average speed considering the whole data set is equal to 60 km/h 
while the average vehicle speed without the stops of the vehicle is 75 km/h. This 
second data set showed that 40% of the time the velocity was higher than 89 km/h. 

Wind direction and wiper 

Defining a range of wind directions is important for the wind tunnel tests to 
obtain a realistic representation of the real circumstances concerning the wind di-
rection. The wind directions which are corresponding with the zero vehicle veloci-
ties are filtered out of the data set. A histogram of all the different measured wind 
directions (180° corresponds with straight ahead wind) during the described pe-
riod can be seen in Fig.2b. The percentile table indicates that 30% of the total 
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number of occurring wind directions is centered around 178° and 179°. The range 
170°-190° represents 88% of the total range of wind directions. The histogram tell 
us that more directions are measured which are coming from the left (direction 
lower than 180°). This statement is also supported by a skewness of 1,288 for the 
data set. The wipers were activated when it was raining during the registration pe-
riod. Within rainy conditions the WindSonic is not measuring well. Only 4% of 
the testing period, it was raining, meaning that only 4% of the total data measured 
by the WindSonic and plot in the above figures is not reliable. This 4% is plausi-
ble due to the very hot weather between 22th of May and 28th of June 2006. 

 
Fig. 2 (a) Overview of the measured vehicle velocities together with the mean; (b) Overview of 
the filtered wind directions together with the mean. 

Acceleration pedal position, cruise control activation and brake switch 

The behavior of the truck driver with respect to the acceleration pedal position 
is summarized in the next Fig.3a. Very remarkable is that during almost 75% of 
the time he does not touch the acceleration pedal. 8.6% of the rest of the time the 
driver is touching the pedal full throttle. Figure 3b tells us that 44.7% of the total 
time the driver has activated the cruise control. From the time the truck driver is 
not pushing down the acceleration pedal 6.7% he is braking to decelerate the vehi-
cle. 

Fuel rate and total fuel 

The ratio between the total fuel used and the total distance traveled for the 
whole testing period is 0.3. In other words, 30 liters of diesel is consumed per 100 
km traveled. 
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Fig. 3 (a) Overview of the acceleration pedal position together with the mean; (b) Indication of 
the cruise control activation. 

4.2 Relations 

Drag coefficient estimation 

Equation.1 below describes the measured delivered power in relation to the 
different required power contributions to overcome the aerodynamic and friction 
forces and the total losses. 
 

Preq = Daero·V + Ffriction·V + Plosses     (1) 
 
Preq corresponds to the required power that is produced by the engine and is regis-
tered by the data acquisition system whereas Daero ·V is the aerodynamic force 
multiplied by the vehicle velocity. The friction force Ff riction originates from the 
friction between the wheels of the truck and the road. The friction force is depend-
ent on the normal force N and the rolling resistance coefficient μ. The normal 
force N equals the weight m times the gravitational acceleration g. The weight m 
is composed out of the weight of the truck together with the trailer and the cargo. 
Due to the absence of the required sensor to measure the cargo weight only a 
rough estimation could be made of the cargo weight. The rolling resistance coeffi-
cient depends mainly on the load, the inflation pressure; the speed and the remain-
ing tire tread depth. A rolling coefficient of 0.0072 is suggested by Goodyear. The 
last variable in Eq.1 is the total power loss Plosses due to mechanical friction. If 
these total losses are known one can make an estimation of the drag coefficient of 
the truck with the aid of the measured delivered power and the calculated wheel 
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friction force. People of the DAF distribution center in Zwolle, The Netherlands 
provided a performance diagram of a DAF XF95 tractor which was equipped with 
the same engine (280kW/381hp) identical to the truck being used. This perform-
ance diagram can be seen in Fig.4a and is obtained by testing the particular tractor 
on a testing bench with a load of a half ton on the traction axis. The figure resem-
bles the power delivered by the engine, the power measured at the wheels, the 
power loss (which is the difference between power engine and power loss) and fi-
nally the torque with respect to the engine revolutions per minute. 

 
Fig. 4 (a) Engine performance diagram for a DAF XF95; (b) Estimated drag coefficient together 
with vehicle velocity. 
 

With this data, a relation can be defined between the engine power and the 
power loss. This way the power due to total losses Ploss can be calculated with re-
spect to the required power that is measured by the data acquisition system. In 
Fig.4b the estimated drag coefficient is plotted together with vehicle speed, the ve-
locities below the 23m/s are filtered away in order to get the maximum constant 
velocity. 

The average drag coefficient, based on a frontal area of 10.34m2, for the 
whole testing period of two months is 0.430. Within this estimation also the as-
sumption is made that the vehicle does not generates downforce, which has an in-
fluence on the friction forces between the tires and the surface. Van Raemdonck 
[8] performed numerical simulations of a full scale symmetrical model of the same 
truck used during the data acquisition. A drag coefficient CD = 0.384 was obtained 
after the numerical simulations. The difference between the estimated drag coeffi-
cient and the one simulated with the aid of computation fluid dynamics (CFD) is 
probably related to the fact that the model used during CFD was a simplified semi-
model, not equipped with a radiator, no side-winds were simulated and the known 
short comings of the used turbulence model. 
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Power required contributions 

All the different contributions in terms of percentage to the total power re-
quired Preq are known. Therefore it is possible to plot these contributions for a par-
ticular day, Fig.5a. At certain moments the total losses are reduced to zero, these 
are the moments when the truck driver releases the acceleration pedal position and 
the vehicle velocity drops. When the vehicle velocity is zero and the engine of the 
truck stays on, it is obvious that all power is lost to mechanical friction of the en-
gine and axis. 
 

 
Fig. 5 (a) Overview of the different contributions with respect to the delivered power; (b) Aver-
age contributions for the whole testing period considering velocities higher than 23 m/s. 
 

If the average for the whole testing period is calculated for the three different 
contributions, a summarizing pie-chart, Fig.5b, can be made. The figure illustrates 
that almost 15% of the delivered power is lost into the mechanical friction of the 
engine, the gearbox and the drive shafts. The rolling resistance is responsible for 
47% of the total delivered power, while the aerodynamic forces consume 39%. 
Only the vehicle velocities which are equal or higher than 23m/s are considered. 

Vehicle speed and wind velocity 

It is interesting to compare both velocities, the vehicle speed registered by the 
FMS system of the truck and the wind velocity measured by the WindSonic. Fig-
ure 6a immediately shows that the wind speed is often lower than the vehicle ve-
locity whereas the opposite is to be expected due to acceleration of the flow by the 
rounded cabin edge and by the roof deflector. A possible reason for this lower 
wind speed can be the fact that the bent flow, due to the presence of the cabin 
edge, separates when it comes along the front edge of the WindSonic and causes a 
wake and lower velocities in the horizontal measuring plane of the sensor. There-
fore the WindSonic is being tested in the wind tunnel. It turned out that even for 
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major inclination angles up to 40 degrees no flow separation was occurring at the 
front edge of the Wind- Sonic and that the registered wind speeds and yaw angles 
were corresponding with speeds set through the wind tunnel. Numerical simula-
tion of a full vehicle model of the cabin with roof and sun deflector together with 
the WindSonic can clarify the lower measured wind velocities. Another reason 
could be the fact that vehicle speed obtained through the FMS system is not cor-
rect. Unfortunately there was no access to the GPS data of the truck or a possibil-
ity of a short test run with the GPS of the truck at that moment to control the vehi-
cle speed. 

In order to prevent that the WindSonic is subject to an angle of incidence, the 
sensor should be placed far away from the front edge of the cabin edge. This is not 
possible for a truck due to practical and safety reasons and legislation. 
 

 
Fig. 6 (a) Vehicle speed and wind velocity; (b) Inclination angle together with the vehicle speed 
and horse power. 

Inclination and banking 

During the analysis of the data from the 2-axis incline indicator it turned out 
that the sensor was suffering from the vibrations induced by the truck and its en-
gine. Even after manipulating the data by filtering, it was not possible to indicate 
whether the truck is driving up- or downhill. The sensor was then mounted on the 
chassis with rubber connections in order to dampen the vibrations as can be seen 
in Fig.6b and which was not very helpful. The figure indicates the inclination an-
gle together with the vehicle speed and the horse power. The constant inclination 
angle is always corresponding with a zero vehicle speed and horse power. This 
once again states that the inclination (and banking) angle is suffering from the vi-
brations initiated by the engine. It is then advisable to use a less sensitive sensor to 
indicate inclination and banking angles. 
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5 Discussion and Conclusions 

Within a testing period of six weeks an enormous amount of information was 
collected and processed with the aid of an extensive self-written Matlab code in 
order to be able to interpret all the different parameters and their relation to each 
other. 

Unfortunately a closer investigation of the registered inclination and banking 
angle and the wind speed revealed that these sensors are not suitable for their ini-
tial purpose. This type of 2-axis incline indicator is too sensible for vibrations due 
to its build-up. An inclination indicator which is constructed with other, less vibra-
tions sensitive principles to measure an angle should give better and more reliable 
results in future testing activities. 

The position of the WindSonic is unfortunate because the sensor is suffering 
from the bent flow due to the rounded cabin top front edge. The flow investigation 
and calibration in the wind tunnel gave more insight in the results of the Wind-
Sonic and its behavior in an inclined flow: no flow separation was induced at the 
WindSonic front edge even at an inclined flow of 40°. Further numerical simula-
tions are required to explain the lower measured wind velocities. It is also advis-
able to use a wind sensor that measures the wind velocity in all three directions. 
Another option is to use a wind velocity and direction sensor which is mounted on 
a beam in front of the vehicle. This way the WindSonic can be calibrated with re-
spect to the extra (correct) measurements. It is advisable to check the velocity dif-
ference by comparing the vehicle speed registered by the FMS system with a cor-
responding GPS signal. 

During the test period a reference level of the truck is defined which makes it 
possible to compare different aerodynamic devices and their corresponding fuel 
economy impact. Also more insight in the aerodynamic (CD value of 0.430) and 
mechanical performances (the power required is split into 47% rolling resistance, 
39% of aerodynamic drag and 15% mechanical losses; fuel consumption of 30 li-
ters in 100 km; average speed of 75 km/h) is obtained as well as in the behavior of 
the truck driver and its surroundings (the wind direction range of ±10° is most oc-
curring). 
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Abstract   The German Dutch Wind Tunnels is a foundation with the German 
Aerospace Center (DLR) and the Dutch National Aerospace Laboratory (NLR) as 
parent institutes. DNW operates ten aeronautical wind tunnels of DLR and NLR, 
located in Germany and the Netherlands. The main objective of the DNW organi-
zation is to provide the customer with a wide spectrum of wind tunnel test and 
simulation techniques, operated by one organization, providing the benefits of re-
source sharing, technology transfer, and coordinated research and development 
(R&D). The LLF is used for full-scale testing of trucks, buses, cars and alike.  
Heavy trucks are mounted in the 9.5m x 9.5m test section, whereby a wind speed 
of 60 m/s can be reached. The tested vehicle is connected to an external six-
component balance with a resolution in drag measurement of 0.15N. In case of 
trucks, the front wheels and rear wheels are supported by air cushions. Flow visu-
alization techniques (smoke, tufts, oil, laser light screen) are available, as well as 
PIV apparatus, pressure measurement equipment and an acoustic wall array for 
aerodynamic noise measurements. Smaller cars may also be tested with a moving 
ground plane of 10m long and 6.3m width. The belt has a maximum speed of 50 
m/s. The poster will present an overview of the possibilities for automotive testing 
in the DNW-LLF wind tunnel. 

Introduction 

The German-Dutch Wind Tunnels (DNW) operates ten world class wind tun-
nels and one engine calibration facility of the German Aerospace Center (DLR) 
and the Dutch National Aerospace Laboratory (NLR). The main objective of the 
DNW organization is to provide its customers with a wide spectrum of wind tun-
nel test and simulation techniques, operated by one organization, providing the 
benefits of resource sharing, technology transfer, and coordinated research and 
development. 
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For a proper operation of the wind tunnels, it is of vital importance to keep the 
installations well maintained, but at the same time spend a sufficient amount of 
investment on the implementation of new measurement techniques. Over the years 
a continuous effort is made to offer customers the best quality of internal and ex-
ternal balances as well as electronically scanning pressure measurement systems, 
acoustic measurements, PIV technique and various flow visualization techniques. 

Full-scale trucks and buses are tested in the LLF wind tunnel. Figure 1 shows a 
sketch of the layout of the LLF. This facility is located in the Netherlands, about 
100 kilometers northeast from Amsterdam. At this site also a 37.5 percent scaled 
copy of the LLF is built. Figure 2 shows an aerial view of the testing site, where 
the two wind tunnels can be distinguished: the LST low in the middle and the 
large LLF in the upper right corner.  

In fact, in the barn visible at the lower left corner a 10 percent pilot tunnel of 
the LLF is still operational and available and occasionally used for specific re-
search concerning design matters of the LLF. 
 

 
Fig. 1 Layout of the LLF 

Test Setup 

From the eleven different wind tunnels managed by DNW the largest wind 
tunnel LLF is suitable for full-scale testing of cars, buses and trucks. 

The LLF is a closed loop atmospheric wind tunnel with interchangeable test 
sections of various dimensions. Large vehicles require the largest available test 
section of 9.5 m width and 9.5 m height. The cylindrical part of the test section is 
20 m in length, succeeded by a transition part of 13 m in length between test sec-
tion and a diffuser of 40 m length. 

The 12.7 MW fan drive provides a maximum wind speed of 62 m/s. The flow 
quality is very good, with a turbulence level of less than 0.1 percent and velocity 
uniformity with less than 0.4 percent deviation from the centerline value. 
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Fig. 2 The LLF and LST wind tunnel Fig. 3 Change of trailer 

 
The drag is measured with the standard available external six-component plat-

form balance, equipped with three horizontal and three vertical load cells. The 
horizontal load cells have a resolution of 0.15 N each, enabling accurate drag and 
side force measurements. 

In the setup for trucks and buses, air cushions elements are mounted under the 
wheels to support the chassis. The height of these elements is kept very small in 
order to minimize the effect on the ground clearance. The air cushions are filled 
with pressurized air from a compressed air system. The vehicle is fixed by means 
of stiff struts to a supporting frame connected to the measuring part of the balance. 
The maximum yaw angle for an 18 m long truck is about 15°. 

Figure 3 shows an action photo whereby the trailer is changed by means of two 
cranes during a test program. 

Figure 4 shows a dimensional sketch of a truck mounted in the LLF test section 
at zero angle of yaw. The blockage is about 11 percent. In the 10 percent pilot 
tunnel of the LLF tests on models of a truck on four different scales were executed 
to determine a blockage correction specifically for trucks in the LLF.  
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Fig. 4 Cross-sectional dimensions Fig.5 Acoustic test resluts 

Test Equipment 

At DNW all measuring techniques for aeronautical and aerospace testing are 
also available for tests on trucks, buses and the like. 

The external balance provides the drag, side force and yawing moment.  
Pressures can be measured with flat surface pressure taps, specially developed 

and manufactured for DNW. 
Flow visualization can be realized with a hand-held smoke rod, with tufts, oil 

of different colors and laser light sheet. 
Two microphone wall arrays may be used to measure the strength and location 

of acoustic sources. Figure 5 shows an example of test results, plotted in a side 
view photograph of a truck. The colors represent the strength of the sound produc-
tion in the area of the side mirrors and corner vanes. 

Beside standard testing techniques for trucks and buses DNW may also apply 
Particle Image Velocimetry or a traversing rake of eighteen five-hole pressure 
probes to obtain information about the flow field around the vehicle.  
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Fig. 6 Example of PIV results on a fighter aircraft 
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Abstract   A significant contributor to heavy-vehicle aerodynamic drag is the trac-
tor-trailer gap, especially when operating in a crosswind. At this condition, the 
freestream flow turns into the tractor-trailer gap, imparting a momentum exchange 
to the vehicle and subsequently increasing the aerodynamic drag.  In common use 
today, tractor side-extenders provide significant drag reduction, but they are not 
without problems.  Frequently damaged when the tractor pivots sharply with re-
spect to the trailer, side extenders can incur additional costs for maintenance and 
repair. This issue can be alleviated by shortening extenders (thereby reducing their 
benefit) or devising an alternative drag-reduction concept. One such concept is 
tractor base bleed, in which air-flow is vented into the tractor-trailer gap through 
the back of the tractor. To study this concept, a wind-tunnel study was conducted 
for a generic 1:20-scale tractor-trailer configuration at width-based Reynolds 
number of 420,000. Delivered through a porous material embedded in the tractor 
base, the bleed flow was varied so as to generate velocities behind the tractor 
ranging from zero to 10% of the freestream velocity. Configurations were studied 
both with and without side extenders at two different tractor-trailer separation dis-
tances. 
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Abstract   Interest in the use of the large eddy simulation (LES) technique for 
computation of turbulent flows of industrial relevance has increased considerably. 
This is in part due to the availability of low cost, powerful supercomputers. Today, 
a computer cluster capable of one TFOPS sustained performance for a complex 
flow LES calculation costs about one hundred thousand dollars. Another reason 
for the increased interest in LES is the recent added capabilities for multi-physics 
and integrated flow simulations. As part of Stanford’s DOE/ASC program, we 
have demonstrated and validated high fidelity simulations of multi-phase reacting 
turbulent flows in highly complex configurations in propulsion systems. The over-
arching problem in this program is simulation of flow through a complete jet en-
gine, which is an extremely complex machine. LES computations of the entire en-
gine flow are not feasible even with the most advanced supercomputers available.  
The Reynolds averaged Navier-Stokes (RANS) technique was used for the turbo-
machinery components and the combustor was simulated using LES. These simu-
lations provided an early example of integrated simulations where different codes 
with different fidelity compute different portions of the system. A simulation envi-
ronment had to be developed for the various codes to communicate with each 
other in an efficient and stable fashion. This integration technology and the asso-
ciated science are suggested as the means for using LES in vehicle aerodynamics 
where Reynolds numbers are too high for high fidelity computation of the flow 
around the entire vehicle. LES can then be used in regions where RANS models 
are known to be inaccurate, and where LES provides access to flow quantities 
such as turbulent pressure fluctuations for predicting noise. Several examples of 
integrated simulations will be presented, including separation control for a high-
lift system using synthetic jets. 
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Abstract   In the last decade, the spectrum of methodologies for the modeling of 
unsteady flows has significantly increased. Historically, the two choices were Un-
steady Reynolds Averaged Navier-Stokes (URANS) and Large Eddy Simulation 
(LES) methods. Both have severe limitations with respect to their application to 
engineering flows. URANS, typically produces no turbulent spectral information, 
even in regions, where time and space resolution would be sufficient to do so, 
whereas LES requires very high grid counts for modeling of wall-bounded flows 
at moderate to high Reynolds numbers. CFD users therefore had little choice than 
to concentrate on steady state RANS solutions, even for applications, where it was 
clear that these models are not adequate. Detached Eddy Simulation (DES) as 
proposed by Spalart in 1997, lead to a shift in paradigm, as it combined the ele-
ments of RANS and LES in a way that allowed the simulation of unsteady de-
tached flows with available computing power. More recent studies by Menter and 
Egorov, have however shown that the inability of classical URANS models to re-
solve turbulent structures is not an inherent shortcoming of the URANS approach, 
but only related to the way the scale equations have historically been derived. Af-
ter re-visiting an exact scale equation that Rotta had developed in the 1950s, it be-
came clear that an important term was omitted in all scale equations, which re-
sulted in the inability of classical RANS models to resolve unsteady structures. 
Closer inspection of Rotta’s equation shows that the second derivative of the ve-
locity field should be included in the length scale equation.  This so-called Scale-
Adaptive Simulation (SAS) methodology behaves in many ways and for many ap-
plications similar to the DES formulation, but avoids some of the dangers of DES. 
On the other hand, it is not the goal of SAS to replace DES and it will be shown 
that both methods have their place in the spectrum of unsteady turbulence models. 
The paper will discuss the practical implications, but also the limitations of the 
SAS technology. Many results produced during the European research project 
DESIDER on external aerodynamic flow will be shown. 
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Abstract   Aerodynamic simulations were carried out for the Generic Conven-
tional Model, a 1/8th scale tractor-trailer model, that was tested in the NASA Ames 
7’x10’ tunnel. The computed forces are compared for the zero, ten and fourteen 
degree yaw cases while the pressure coefficients are compared to experimental 
data for the ten and fourteen degree cases. A DES version of the one-equation 
Menter SAS is used in these simulations. Overall forces as well as pressure distri-
butions matched well for the fourteen degree case. For the ten degree case, the 
forces were in reasonable agreement while the pressure distributions indicated a 
need for tighter grid resolution as well as possibly advanced turbulence models. 

Introduction 

In 1997, fuel consumption among Class 8 trucks was 18 billion gallons [1]. At 
typical highway speeds (70 mph), 65% of the overall output of the engine is used 
for overcoming aerodynamic drag [2]. Consequently, a reduction in aerodynamic 
drag will result in substantial fuel savings. Given the large number of trac-
tor/trailers on the road in the United States, this could translate into a significant 
reduction in domestic fuel consumption as well as a reduction in emissions that 
contribute to pollution. 
 The main contributors to the aerodynamic drag are the gap between tractor and 
trailer, the vehicle underbody and the base flow region of the trailer [3]. Signifi-
cant flow structures exist in these regions and several experimental studies have 
been carried out to characterize them. One of the experimental studies used a 1/8th 
scale Ground Transportation System (GTS) model that consisted of simplified 
tractor trailer geometry with a cab-over-engine design and no tractor-trailer gap.  
This geometry was tested both at the Texas A&M University Low Speed Wind 
Tunnel [4]as well as the NASA Ames 7’x10’ tunnel [5]and extensive data was 
collected for validation of computational simulations. Modifications to the GTS 
geometry to include a tractor trailer gap were incorporated in tests carried out at 
USC [6] and the influence of the gap on the overall flowfield assessed. Detailed 
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experimental studies were also carried out on a realistic tractor trailer combina-
tion, the Generic Conventional Model (GCM), in the NASA Ames 7’x10’ as well 
as the 12’ wind tunnel [7]. 
 Computational studies aimed at evaluating the capabilities of current flow 
solvers for the prediction of heavy vehicle aerodynamics were carried out by a 
number of researchers [ 8]-[ 13]. Salari et al. [ 8] used the data from the GTS 
experiments and showed that with an appropriate choice of turbulence model, the 
overall drag coefficient could be predicted with reasonable accuracy.  However, 
one of their key findings was that the details of the flow field, especially in the 
base flow region, were not being captured accurately. Pointer [ 9] used a 
commercial CFD flow solver to study the GCM model in the 7’x10’ tunnel and 
the results indicated that the overall drag coefficient could be predicted with 
reasonable accuracy.  However, no detailed flow field comparisons were 
presented.  Maddox et al. [ 10] used another commercial CFD solver to simulate 
the flow around GTS model. They employed a detached eddy simulation (DES) 
approach and showed that an improvement in the predicted pressure (especially 
toward the base of the model) can be achieved. RANS simulations using the one-
equation Spalart-Allmaras model and the two-equation Menter k-ω model were 
reported by Roy et al. [ 11]. LES simulations of a truncated GTS model were 
carried out by Ortega et al. [ 12]. Sreenivas et al. [ 13] simulated the flow field 
around the GTS model using an unstructured flow solver. They employed the DES 
version of the two-equation k-ε/k-ω turbulence model and showed that a single 
vortex structure that was observed experimentally could be reproduced by time-
averaging an unsteady RANS simulation. 

The present research effort focuses on Tenasi, a family of structured and 
unstructured flow solvers that have been developed at the University of Tennessee 
SimCenter at Chattanooga. The unstructured flow solver is used to simulate the 
flowfield around the GCM model inside the NASA 7’x10’ tunnel at zero and ten 
degrees yaw. Results are presented comparing the axial and side forces as well as 
surface pressures with experimental data. 

Numerical Approach 

The governing equations solved by the Tenasi flow solver are the non-
dimensional form of the Navier-Stokes equations in Cartesian coordinates. The 
variables appearing in the Navier-Stokes equations are nondimensionalized as 
follows: density rρ ; velocity rU ; temperature rT ; pressure 2

rrUρ ; length rL ; 

time
r

r

U
L

; energy and enthalpy rh . This system of equations is closed by an 

equation of state the form ( )Tp,ρρ = . For a perfect gas with constant specific 
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heat, rpr TCh ≡ , and it follows that ( ) 21 rc ME −= γ  where 
r

r
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U
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reference Mach number and rr RTc γ=2 is the reference speed of sound.  
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C
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=γ  is the ratio of specific heats, and R is the specific gas constant. The 

equation of state is then given by 
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The governing equations are discretized using a node-centered, finite-volume 
approach.  A single parameter based preconditioner is employed so that the 
baseline Tenasi solver is applicable over a wide range of Mach numbers.  The 
numerical fluxes are computed using high resolution fluxes based on Roe 
averaging and a Newton subiteration procedure is employed to ensure time 
accuracy.  The linear system at each time step is solved using a Symmetric Gauss-
Seidel algorithm.  The details of the numerical algorithm are available in 
Sreenivas et al. [ 14]. 

Results 

The results presented here include the GCM at zero, ten and fourteen degree yaw. 
These were three of the test cases chosen from the available experimental data. 
The simulations were carried out to include the NASA Ames 7’x10’ tunnel as well 
as the GCM geometry. The reason for this was the experimental pressure 
coefficient was referenced to a specific location on the test section wall and 
including the tunnel was an easy way of comparing computed and experimental 
pressure distributions. The grids for all the cases were generated using a 
combination of Gridgen (for the tetrahedral portion) and HUGG [ 15] (for inserting 
the viscous layers).  The characteristics of the grids used are detailed in  

Table 1. 
 
Table 1 Grid Characteristics for the zero, ten and fourteen degree yaw cases for the GCM inside 
the 7'x10' Tunnel 

Case Nodes Tetrahedral Prism Hex 
0o yaw 20,636,180 40,366,718 25,870,856 680,800 

10o yaw 18,937,191 41,828,550 23,253,152 0 
14o yaw 19,842,249 42,832,190 24,564,782 0 
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All the cases presented here at a Reynolds number of 1.15x106 (based on GCM 
model trailer width of 12.75 inches) and a tunnel test section Mach number of 
0.15. Given the (relatively) high freestream Mach number that is present in the 
GCM experiments, a single parameter based preconditioned formulation is used to 
avoid any convergence difficulties associated with using a pure compressible flow 
solver. A quadratic reconstruction procedure was used to ensure higher order spa-
tial accuracy while three Newton iterations were employed to ensure second order 
accuracy in time. The Menter SAS turbulence model in DES mode was used to 
model the effects of viscosity and the average y+ for all the viscous surfaces were 
less than unity. A typical run consisted of running 5,000 time steps in a constant 
CFL mode (CFL of 25.0) followed by 20,000 time steps in a constant time step 
mode, with the non-dimensional time step being 10-3. Each run required about 2 
days of CPU time and utilized 200 cores. 

The computed axial and side forces were compared to two sets of experimental 
data (Runs 43 and 75) and the comparisons are shown in Figs. 1 and 2.  As can be 
seen from Fig. 1, there is an indication of large scale separation (indicated by an 
abrupt change in the axial force coefficient) in the experimental data between ap-
proximately 10o and 12.5o angles of yaw. Furthermore, the experimental data is 
asymmetric between positive and negative yaw angles and between the two runs.  
The computed axial force coefficient agrees well with experimental data for the 
zero and fourteen degree yaw cases. For the ten degree case, the computed axial 
force is lower than the experimental values. Correspondingly, the side forces are 
higher than the experimental values for the ten degree case (Fig. 2).  This could be 
caused by separation occurring slightly earlier in the computations as compared to 
the experiment.  Given the uncertainty in the experimental values at ten degree 
yaw, the overall agreement between the computed and experimental axial and side 
forces is good. 

 
Fig. 1 Comparison of Axial Force Coefficient 
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Fig. 2 Comparison of Side Force Coefficient 
 
Detailed comparisons of surface pressure distributions are shown in Figs. 3 – 

12 for the ten and fourteen degree yaw cases. The zero degree case results have 
been omitted for brevity. The experimental data shown in these graphs includes 
results from both the positive and negative yaw runs. The decision to include both 
sets of data was based on a couple of reasons:  

(1) To get a measure of geometric asymmetry and experimental uncertainty: If 
the geometry and flow conditions were truly symmetric, then the values from the 
positive and negative yaw angles should be the same. Therefore any differences 
between the measured pressures would be an indication of geometric asymmetry 
and also provide a measure of experimental uncertainty. 

(2) The instrumentation was not symmetric: The GCM model had more pres-
sure taps on one side of the geometry relative to the other. Therefore, using data 
from both positive and negative yaw angles would enable an assessment of the 
computed solution. 

Ten Degree Yaw 

For the results presented here, the solutions were averaged over 1000 and 5000 
time steps. The choice of time step in this particular instance was arbitrary; how-
ever, in a related study, an effort to define a convergence criterion for unsteady 
flows has been attempted with reasonable success [16]. This criterion was not em-
ployed in this study as it required the storage of considerable amount of data (on 
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the order of a terabyte).  Figures 3 and 4 show a comparison of pressure distribu-
tion along the centerline of the tractor. As can be seen from the figures, the 
agreement is very good between the experimental data and computations. The ef-
fect of the choice in averaging period can be seen in both the plots. The 5000 
time-step averaged solution appears to match the experimental data slightly better 
than the 1000 time-step averaged solution. There also appears to be a significant 
discrepancy between the experimental data around the x/w = 1.5 or so (close to the 
base of the tractor). The computations match the +10° yaw results very closely in 
this area. Overall, the computations seem to lie between the experimental data 
over the bulk of the centerline of the tractor. 

 
Fig. 3 Comparisons of Tractor Centerline Pressure Distribution along the x-axis for 10o yaw 
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Fig. 4 Comparisons of Tractor Centerline Pressure Distribution along the y-axis for 10o yaw  

 
Fig. 5 Comparisons of Trailer Centerline Pressure Distribution (Top of trailer) for 10o yaw 
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Fig. 6 Comparisons of Trailer Centerline Pressure Distribution (Bottom of trailer) for 10o yaw 

A comparison of the trailer centerline pressure distribution is shown in Figs. 5 
and 6.  The data is presented in two different graphs for clarity.  The computa-
tional results are repeated between the figures, while only the top of the trailer 
data is shown in Fig. 5 and only the bottom of the trailer is shown in Fig.6. As can 
be seen from Fig. 5, the trend towards the base of the trailer is not captured cor-
rectly by the computed results. There is also no significant difference between the 
1000 and 5000 time-step averaged solutions. It is possible that the base flow re-
gion has a very strong influence on the pressure distribution in the neighborhood 
of the trailer base. The comparison for the bottom of the trailer fares much better 
with the trend as well as the magnitude of the pressures being captured reasonably 
well (especially the 5000 time-step averaged solution). 

The next comparison shown is for a line that is halfway up the side of the 
trailer (Fig. 7). As can be seen from the figure, the experimental data from the 
±10° yaw provides a better picture of the overall pressure distribution on the 
trailer. The computations are reasonably close to the experimental data over the 
bulk of the trailer. The 5000 time-step averaged solution has smoothed out a lot of 
the fluctuations that are visible in the 1000 time-step averaged solution. The big-
gest discrepancy between the computed results and experimental data is at the 
front corner of the trailer. The experimental data seems to indicate a larger low 
pressure region (possibly caused by a large-scale vortex) while the computations 
indicate a much smaller low pressure region. Again, the 5000 time-step averaged 
solution compares much better to the experimental data than the 1000 time-step 
averaged solution. This discrepancy could account for some of the variation in the 
axial and side forces between the computed results and experimental data. 
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Fig. 7 Comparison of Trailer Pressure Distribution (y/w = 0.9137) for 10o yaw 

Fourteen Degree Yaw 

 
Fig. 8 Comparisons of Tractor Centerline Pressure Distribution along the x-axis for 14o yaw 
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An identical set of results is presented for the fourteen degree case as was done 
earlier for the ten degree case. This is done in an attempt to understand the simi-
larities and differences between the solutions and also to shed light on the better 
agreement between the computed forces for the fourteen degree case as opposed to 
the ten degree case. Since the results for the ten degree case showed a better 
agreement between the 5000 time-step averaged solutions and experiment, only 
the 5000 time-step averaged results are presented for the fourteen degree case. 

 

 
Fig. 9 Comparisons of Tractor Centerline Pressure Distribution along the y-axis for 14o yaw 

 
The first sets of results are for the pressure distributions along the centerline of 

the cab and are shown in Figs. 8 and 9. The overall agreement in the pressure dis-
tribution is good and compares well with the agreement obtained for the ten de-
gree case. The trailer centerline pressure distributions are compared in Figs. 10 
and 11. As can be seen from these figures, the differences between the experimen-
tal data for the positive and negative yaw angles are quite evident with the com-
puted data matching well with the -14o data over the front half of the trailer top 
surface (Fig. 10). The discrepancy in the pressure distribution over the back half 
of the top surface of the trailer is similar to that observed for the ten degree case; 
however, the magnitude here is much smaller than the ten degree case. The overall 
agreement over the bottom of the trailer centerline is similar to that obtained for 
the ten degree case. 
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Fig. 10 Comparisons of Trailer Centerline Pressure Distribution (Top of trailer) for 14o yaw 

 
Fig. 11 Comparisons of Trailer Centerline Pressure Distribution (Bottom of trailer) for 14o yaw 
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Fig. 12 Comparison of Trailer Pressure Distribution (y/w = 0.9137) for 14o yaw 

The comparison of pressure distributions at the mid-plane (in the vertical direc-
tion) of the trailer are shown in Fig. 12. The overall agreement between the ex-
perimental data and computed results is good with the -14o data matching the 
computed results well. The biggest differences between the ten and fourteen de-
gree cases can be seen by comparing Figs. 7 and 12. In the ten degree case (Fig. 
7), the computed results are clearly not predicting the flow at the front of the 
trailer correctly while in the fourteen degree case (Fig. 12), there is good agree-
ment everywhere. This could explain the differences in the agreement of the com-
puted forces between the ten and fourteen degree cases. 

Conclusions 

Computed forces and pressure coefficient distributions were compared to experi-
mental data for the GCM tractor-trailer configuration for ten and fourteen degrees 
yaw. Good agreement was obtained for the fourteen degree case while the ten de-
gree case was in fair agreement with experimental data. The ten degree case 
pointed to the potential need for grid refinement in specific regions of the compu-
tational domain. It is also possible that the overall agreement for all the test cases 
could be improved by employing advanced turbulence models. 
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Abstract   Computational Fluid Dynamics (CFD) simulations were performed to 
evaluate drag reduction devices on a modified full-scale version of the Generic 
Conventional Model (GCM) geometry. All simulations were performed with a 
moving ground plane and rotating rear wheels. A trailer base flap simulation was 
performed for comparison with drag reduction data from wind tunnels and track 
and road tests. A front spoiler and three mud-flaps with modest drag reduction po-
tential were evaluated in view of their higher probability of adoption by truck fleet 
operators. 

Introduction 

Aerodynamic drag accounts for approximately half the fuel consumption of a 
class 8 truck traveling at freeway speeds and even a 1% reduction in the drag 
value can yield cost savings significant enough to initiate adoption by large truck-
ing companies. While a large number of effective drag reduction devices have 
been developed and are commercially available [1], uptake in the trucking indus-
try has been relatively insignificant due to a veritable thicket of infrastructure, leg-
islative, maintenance, staffing and aftermarket issues which have rendered them 
cost ineffective to a large section of trucking companies. A good example of such 
technology is the base flap which has seen slow adoption in spite of drag reduc-
tions in excess of 10%. While there clearly is the potential for substantial drag re-
duction in the base region of the trailer, any changes to this area of the truck have 
to be made in light of severe restrictions imposed by existing infrastructure and 
operational norms. The underbody of the truck offers an area with less potential 
but with the kind of restrictions which are more amenable to engineering solu-
tions. Moreover, drag reduction devices which target consumables like mud flaps 
are more likely to be tried out and adopted since they often need to be changed 
due to wear and tear. The underbody is however by no means a tabula rasa on 
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which the aerodynamicist may impose his/her will. There are restrictions in terms 
of ground clearance and ease of access for maintenance and inspection which have 
been the bane of extant devices such as side skirts. There are also less obvious is-
sues such as the effect of any drag devices on brake cooling flows as well as 
splash and spray.  

Simulations 

Flow Solver 

Simulations were performed using the UT Tenasi flow solver [11] which is an 
Unsteady Reynolds Averaged Navier Stokes (unRANS)/Discrete Eddy Simulation 
(DES) code operating on unstructured grids with a finite volume node centered 
flux formulation. The incompressible solver used for slow speed flows uses the ar-
tificial compressibility approach of Chorin[2]. The 1-equation Menter SAS model 
in DES mode [8] was used for all the simulations. Integration was performed to 
the wall using grids generated to produces off-wall y+ values less than unity. The 
solver and grid generation approaches used in this work were validated using the 
Ground Transportation Systems (GTS) [3] and Generic Conventional Model 
(GCM) [13] experimental datasets. Pressure predictions were found to correlate 
well with experimental measurements over most of the geometry with the excep-
tion of the trailer base region [12]. 

Geometry and Grid Generation 

 
Fig. 1 GCM geometry and ground plane grid 
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A modified version of the GCM geometry (Fig. 1.) scaled for full-scale Rey-

nolds numbers was chosen as the base geometry for the simulations in this study. 
The modifications include the addition of cab extenders and lowering of the ge-
ometry to allow the wheels to make contact with the ground plane. The support 
struts used for mounting the geometry in the wind-tunnel geometry were also re-
moved. Fillets had to be introduced at the contact line between the wheel and the 
ground plane in order to facilitate the grid generation process. 

The commercial grid generation package GridGen was used for generating a 
tetrahedral mesh for the GCM geometry. An in-house code called HUGG [6] was 
used to insert viscous layers. The off-wall spacings and growth parameters used 
were based on y+ constraints and experience gained in the course of the validation 
process. The grids used here have approximately 1.1 million surface elements on 
the GCM surface and 18 million control volumes in the field. Total time to solu-
tion for each case was 3 days on 200 processor cores (Intel Xeon 5160, 3.0 Ghz 
EM64T, 4MB cache, dual core). 

Flow Conditions 

The flow simulations were conducted at full-scale i.e. for a Reynolds number 
of 5.15 million based on a trailer width of 8.5 feet and a road speed of 65 mph. All 
simulations used a moving ground plane matching the road speed and rotating rear 
wheels on the trailer. Rotating wheels were incorporated into the simulation 
through a slip boundary condition which has been shown to work well for smooth 
wheels [10].  

Wind-averaged drag simulations were conducted assuming a 7 mph crosswind 
at six (15, 45, 75, 105, 135 and 165 degrees) orientations with respect to the direc-
tion of travel of the truck. The wind-averaging procedure follows the method of 
Ingram [5] as described in [9] except that the drag forces are compared in the form 
of non-dimensional force coefficients calculated using the road speed as reference. 

Results 

Effect of Spinning Wheels 

In order to evaluate the effect of spinning wheels on the drag of the truck, the 
45 degree crosswind case with mud-flaps was rerun with the spinning wheel 
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boundary condition turned off. It was found that with stationary wheels, the drag 
increased by 5.4% over the spinning wheel case, with more than half the incre-
ment being due to an increase in the drag on the axle-wheel assembly as shown in 
Figure 2. Increased drag on the mud-flaps and trailer contributed to 27% and 15% 
of the total respectively. 

 

 
Fig. 2 Contributors to the drag increase caused by non-spinning wheels 

Cab Extenders and Splitter Plates 

The base GCM geometry which does not have cab extenders exhibits large 
drag increases in the presence of crosswinds. This effect can be almost totally 
mitigated by the addition of cab extenders or splitter plates on the front face of the 
trailer. Neither of these devices has any effect in the absence of crosswinds. Add-
ing both devices provides no additional drag benefit. Since there are more trailers 
than tractors, cab extenders are probably the more economical option and they 
seem to have been universally adopted. The GCM model with cab extenders was 
chosen as the base model against which all drag reduction devices would be com-
pared. 
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Fig. 3 Geometry of base flaps 

Base Flaps 

 
The base flaps consist of 4 panels inclined at an angle of 15 degrees to the axis 

of the truck as shown in Fig. 3. Each panel is one-quarter of the width of the trailer 
or approximately 2.1 feet. This device has been extensively studied by other re-
searchers and a commercial product is available as well. This case was run to en-
sure that the drag reduction from this study was in qualitative agreement with the 
results in the literature. The computed wind-averaged drag reduction of 15% com-
pares favorably with tunnel scale model tests (~14%) [13], track tests (~8.4%)[1] 
and road tests ( ~12% & ~20% )[7] with full trucks. The wind tunnel data was for 
the GCM geometry and is therefore in close agreement. The track and road tests 
were for actual class 8 trucks and the drag numbers are derived from fuel savings 
assuming that the percentage fuel saving was half the drag reduction percentage. 
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Fig. 4 Variation of axial force coefficient with crosswind angle 

  
The drag force coefficients at the various crosswind angles are shown in Fig. 3. 

The effectiveness of the base flap was not particularly sensitive to the direction of 
the crosswind though it performs slightly better in head winds. 

Front Spoiler 

Front spoilers have been used in cars for a few decades to reduce underbody 
drag and improve cooling airflow but their effectiveness depends on careful sizing 
of the spoiler height [4]. The spoilers used in this study were approximately 3 
inches in height and were located under the cab as shown in Fig.5.  

 

 
Fig. 5 Geometry and location of front spoiler 
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The front spoiler increased the wind-averaged drag on the GCM model by 
0.2%. This implies that in an actual truck with front axles and other drag inducing 
components in the underbody region, the front spoiler could lead to small drag re-
ductions. This is based on the fact that the drag increase due to the spoiler was 
3.8% while it reduced drag on the rest of the truck by 3.6% even for a smooth un-
derbody without front axles. Lowered velocities in the underbody region account 
for the reduced drag on the tractor and wheel assembly as well as a portion of the 
reduced drag on the trailer. The majority of the trailer drag reduction comes from 
lowering of the pressure on the front face of the trailer due to changes in flow over 
and around the tractor. The drag values at the various crosswind angles shown in 
Fig. 6b are also encouraging since the spoiler actually reduces drag when the truck 
is experiencing a head or tailwind. It might also be possible to modify the shape 
and/or height of the spoiler to reduce or eliminate the drag increase for non-
parallel crosswinds. An accurate evaluation of this device will need simulations 
using a substantially more realistic truck model with underbody components and 
accurate capturing of the under-hood flow. 

 

  
Fig. 6a Drag contributions of truck components Fig.6b Variation of axial force coefficient 

with crosswind angle 

Mud Flaps 

Simulations were conducted to study the drag contribution of rear trailer mud flaps 
to the total drag and to look at ways in which this could be reduced. Full mud flaps 
which extend to the bottom of the trailer and half flaps that extend to the top the 
wheels as shown in Fig. 7a and Fig. 7b respectively were studied. Full flaps are 
usually used on trucks that transport shipping containers as well on “pup” trailers. 
Half flaps are more common and are usually installed on most dry freight trailers. 
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Fig.7a Geometry of full mud-flaps  Fig.7c Geometry of half slats 
 

   
Fig.7b Geometry of half mud-flaps  Fig.7d Drag force coefficients of trucks with 

various mud-flaps 
 

The geometries of both flaps assume the presence of an anti-sail bracket with 
some curvature of the flaps beyond the device. A half slat (Fig. 7c) was studied as 
a possible low drag alternative for half flaps. The slats are inclined at an angle of 
45 degrees to the flap plane and overlap each other to disallow straight flow 
through them. The wind-averaged drag value comparisons for the 3 components in 
Fig. 7d show that full flaps extract a heavy penalty by adding 8.6% to the drag 
while the half-flaps add only a modest 2.1%. The additional drag caused by half 
flaps can be completely eliminated by the use of half slats. Fig. 8a shows that the 
mud-flap and trailer account for 78% and 74% of the total drag increase while the 
wheel assembly experiences lower drag which accounts for 52% of the overall in-
crease. The drag on the half-slats are almost identical to that on the base GCM for 
most crosswind angles as can be seen in Fig. 8b. 
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Fig. 8a Drag increase contributions for truck  Fig. 8b Variation of drag with crosswind  
with full rear flaps    angle for truck with rear mud-flaps 

Conclusions 

The simulations with and without spinning wheels indicate that a more realistic 
treatment of the wheels in trucks is needed particularly when evaluating compo-
nents in close proximity to the wheels. The question of whether a simple slip 
boundary condition based smooth wheel is sufficient to capture the change in flow 
characteristics caused by a real wheel with treaded tires and wheel holes cannot be 
answered without experimental studies and validation. 

The base flap simulations demonstrate that the flow solver and grid resolution 
used in this study can produce a reasonable estimate of the relative magnitude of 
the drag reduction in the trailer base region in spite of the fact that validation stud-
ies show that CFD methods have a clear weakness in predicting flow features in 
this region. The implication is that a gross feature like the averaged pressure over 
the trailer back is being captured reasonably well while the smaller scale features 
are being missed. There is no guarantee that this is likely to be true for any and all 
devices that work in the base area and therefore simulations should be looked 
upon with skepticism in the absence of supporting experimental evidence. 

The front spoiler simulation did not demonstrate any drag reduction for the 
GCM truck model. However the fact that the spoiler added only a negligible 
amount of drag indicates that the device is likely to reduce drag by a few percent-
age points for real truck with a significant amount of blockage in the underbody 
area. 

A complete analysis of the mud-flaps would require the solution of a coupled 
fluid-structures problem downstream of a fully detailed rotating wheel. The cur-
rent study has simplified the problem considerably in order to make it tractable 
and the results indicate that mud-flaps, particularly full flaps, are extracting a 
rather high toll in terms of their drag contribution. The half slat simulations indi-
cate that simple changes to the mud flaps might be sufficient to mitigate their drag 
contributions. Other components in that area such as the rear impact guard, the 
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brake light panels and the license plate could be redesigned to perhaps yield small 
drag savings as well. 
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Abstract   In preliminary validation studies, computational predictions from the 
commercial CFD codes Star-CD were compared with detailed velocity, pressure 
and force balance data from experiments completed in the 7 ft. by 10 ft. wind tun-
nel at NASA Ames using a Generic Conventional Model (GCM) that is represen-
tative of typical current-generation tractor-trailer geometries. Lessons learned 
from this validation study were then applied to the prediction of aerodynamic drag 
impacts associated with various changes to the GCM geometry, including the ad-
dition of trailer based drag reduction devices and modifications to the radiator and 
hood configuration. Add-on device studies have focused on ogive boat tails, with 
initial results indicating that a seven percent reduction in drag coefficient is easily 
achievable. Radiator and hood reconfiguration studies have focused on changing 
only the size of the radiator and angle of the hood components without changes to 
radii of curvature between the radiator grill and hood components. Initial results 
indicate that such changes lead to only modest changes in drag coefficient.  

Introduction 

With increasing worldwide concerns about higher air quality standards, 
greenhouse gas emissions and energy security, significant effort continues to be 
invested in the development of cleaner, more fuel efficient tractor trailer systems.  
Modern Class 8 tractor-trailers can have wind average drag coefficients as high as 
CD = 0.6. At 70 miles per hour, as much of 65% of the total energy available for 
work that is expended by a typical heavy truck vehicle can be consumed in over-
coming aerodynamic drag. Since the energy losses resulting from aerodynamic 
drag increase as vehicle speed increases, vehicles traveling at higher speeds ex-
pend even more energy in overcoming aerodynamic drag forces. A reduction in 
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the drag coefficient of such vehicles of 50% is not inconceivable and would result 
in a reduction in fuel use on the order of 25%. [1] 

As part of the U.S. Department of Energy Office of FreedomCAR and Vehicle 
Technologies’ Working Group on Aerodynamic Drag of Heavy Vehicles, Ar-
gonne National Laboratory is investigating the applicability of commercial Com-
putational Fluid Dynamics (CFD) software for assessment of heavy vehicle aero-
dynamic characteristics as part of a computational simulation based design process 
for tractor-trailer systems. This work focuses on the assessment and application of 
tools and procedures for development and design of strategies or devices for re-
duction of aerodynamic drag related parasitic energy losses. 

Methodology   

Prior efforts [2,3,4] as part of the U.S. Department of Energy’s Heavy Vehicle 
Aerodynamics Working Group have evaluated the applicability of commercial 
CFD software in heavy vehicle design, including assessments of the expected im-
pact of grid resolution and structure on prediction accuracy, the impact of the 
RANS turbulence model formulation selected, and the impact of considering only 
half of a vehicle to reduce computational costs. The experience developed by this 
program provides generic advice for the application of a commercial finite-volume 
based CFD software package to the prediction of heavy vehicle aerodynamic drag 
coefficients. In this effort, the experience accumulated in the application of com-
mercial CFD tools to heavy vehicles is applied to enable the quantification of the 
effects of changing the design of the vehicle. All computational simulations pre-
sented herein have used version 3.26 of the commercial CFD code Star-CD. [5] 

All computational meshes were generated from CAD data using the auto-
mated meshing tools included with Star-CD. In the unstructured hybrid hexahe-
dral/polyhedral computational meshes used in these studies, two separate parame-
ters determine the local size of the mesh. A near-vehicle cell size defines the target 
cell size in the region immediately surrounding the vehicle surface, and a mini-
mum cell size defines the minimum cell dimension which may be used to resolve 
curvature of the vehicle surface. Mesh sensitivity analyses included in earlier stud-
ies [2,3,4] examined the effects of changes in the near-vehicle cell size and mini-
mum cell size parameters on the prediction of the drag coefficient.  
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Selection of Tractor Trailer Geometry 

All studies presented herein are based on the Generic Conventional Model 
(GCM), developed by NASA Ames Research Center for scaled wind tunnel test-
ing, is a generalized representation of a conventional aerodynamic U.S. tractor-
trailer truck, as shown in Fig. 1. The 1/8th scale model is approximately 2.5 m 
long by 0.3 m wide by 0.5 m high. The studies contained herein consider experi-
ments that were completed in the NASA Ames 7ft. by 10 ft. wind tunnel.  Instru-
mentation included a force balance, 476 steady pressure transducers, 14 dynamic 
pressure transducers, and three-dimensional Particle Image Velocimetry (PIV). 
Data was collected at various Reynolds number values and yaw angles. [6] 

Computational Requirements 

Models are constructed using a 64-bit 2.8GHz Xeon Linux workstation with 8 
GB of RAM.  All simulations presented herein utilized the Beowulf cluster main-
tained by the Nuclear Engineering Division for performing engineering mechan-
ics, fluid dynamics, and reactor engineering analyses. The cluster consists of three 
front-end (i.e., control) nodes and 100 compute nodes. Each of the 100 compute 
nodes has a 3.2 GHz Pentium IV processor with 2 GB of memory. The cluster’s 
file server provides nearly 1 Terabyte of home file system space. All of the ma-
chines in the cluster are interconnected via Gigabit Ethernet. Typically, 10 compu-
tational nodes were used for each simulation. 

All cases presented herein could be simulated to steady state convergence –
defined by the reduction of the residual for each active equation below 10-4 and 
stabilization of the monitored value of the drag coefficient – with a turn around 
time of less than one day from the generation of the surface mesh to the comple-
tion of the simulation. The optical scan origin of the nominal CAD data makes 
modification of the geometry more difficult than would be expected for a geome-
try initially generated by a CAD package. Significant time and effort is required to 
ensure that all of the complex surfaces created from the optical scan maintain their 
numerous critical dimensions and connect at each edge to form a single closed 
volume. 

 

 
Fig. 1 Generic Conventional Model Geometry 
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Brief Summary of Prior Validation and Sensitivity Results  

Prior studies focused on establishing the validity of commercial CFD software 
for the prediction of the aerodynamic characteristics of a tractor-trailer vehicle.  
This previous effort included a mesh sensitivity study considering the effect of 
near vehicle cell size and minimum cell size on the accuracy of aerodynamic char-
acteristics as well as the impact of turbulence model selection and the use of half 
vehicle versus full vehicle models. Additional studies have examined the ability to 
predict the impact of cross-winds on aerodynamic performance.  [2,3,4] 

Computational Mesh Sensitivity  

A series of studies have been completed to evaluate sensitivity of the predic-
tive accuracy to selection of the two primary characteristic dimensions of the gen-
erated computational mesh: the near vehicle cell size and the minimum cell size.  
To assess the impact of the near-vehicle cell size, a series of parametric simula-
tions was completed specifying near-vehicle cell sizes between 6mm and 10 mm 
for the 1/8th scale GCM. Results, summarized in Table 1, indicate that the drag 
coefficient can be predicted with acceptable accuracy using a near vehicle cell size 
of 6 mm. Furthermore, coarser meshes using near vehicle cell sizes as large as 12 
mm can likely be used for initial coarse evaluations and trending. 

Based on these results, an additional study was completed to evaluate the im-
pact of the minimum cell size. The default minimum cell size in the previous 
study was 1/8 the near-vehicle cell size. In this study the minimum cell size was 
reduced to determine whether the same computational accuracy observed in the 
6mm case could be achieved using a smaller number of computational cells.  
When the minimum cell size in the 8 mm case was reduced from 1 mm to 0.5 mm, 
the accuracy of the drag coefficient prediction improved from 4.2 percent error to 
1.0 percent error. This level accuracy was achieved using 30% fewer computa-

Table 1. Effects of Near-Vehicle Cell Size Parameter on Accuracy of Drag Coefficient  
Prediction. 

Near-Vehicle Cell Size (mm) Predicted Drag Coefficient Error in Drag Coefficient 
experiment 0.398  

16 0.449 12.0 

12 0.441 10.3 

10 0.418 4.9 

8 0.415 4.2 

6 0.405 1.7 
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tional cells than in the most refined model in the near-vehicle cell size study.  Fur-
ther studies have shown that the further refinement of the near wall cells does not 
significantly improve the accuracy of the drag coefficient predictions.  

Turbulence Model Effects 

In all simulations completed for the computational mesh sensitivity studies, 
the high Reynolds number k-ε turbulence model was used in conjunction with a 
standard logarithmic wall function for the prediction of turbulent kinetic energy 
and eddy diffusivity. While the high Reynolds number k- ε turbulence model is a 
robust general purpose turbulence model, the strong adverse pressure gradients 
and large flow recirculation regions associated with the GCM geometry may limit 
the applicability of generic steady state RANS modeling strategies. Using the 
computational mesh with a near vehicle cell size of 8 mm and a near wall cell size 
limit of 0.5 mm, simulations of the aerodynamic characteristics of the GCM model 
were repeated using five steady RANS turbulence models and their associated 
wall functions:  1) the standard high-Reynolds number k-ε model with logarithmic 
wall function, 2) the Menter k-ω SST model, 3) the renormalization group (RNG) 
formulation of the k-ε model, 4) the Chen formulation of the k-ε model, and 5) the 
quadratic formulation of the k-ε model. Drag coefficients predicted using each of 
the selected steady-RANS turbulence models are shown in Table 2. The differ-
ences in the predicted drag coefficient are largely a result of localized discrepan-
cies in the surface pressure coefficient predictions in the regions of separated flow, 
with the largest discrepancies appearing in the underbody region just behind the 
tractor.   

Table 2. Results of evaluation of two-equation turbulence models for prediction of drag coeffi-
cients for the GCM geometry. 

Turbulence Model Predicted Drag Coefficient Percent Error in Prediction 

Experiment 0.398 -- 

High-Reynolds Number k-epsilon Model 0.402 1.0 

Menter k-ω SST model 0.401 0.8 

RNG model 0.389 2.3 

Chen’s model 0.3919 1.61 

Quadratic model 0.3815 4.32 
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Yaw Angle Effects 

The effects of cross-winds on the vehicle performance are evaluated by rotat-
ing the model in the wind tunnel to introduce an effective yaw angle between the 
wind direction and the vehicle direction. In the wind tunnel experiments, yaw an-
gles between 14 degrees and -14 degrees were considered. In the experiments, a 
low drag state is observed at low yaw angles. For yaw angles greater than 3 de-
grees a higher drag state was observed, where large flow separation zones begin to 
form along the leeward side of both the tractor and trailer, introducing significant 
turbulent instability into the flow field.  

A series of simulations was completed to evaluate the effects of the computa-
tional mesh parameters on predictive accuracy at yaw angles greater than zero. 
Results of the mesh sensitivity study are summarized in Fig. 2. These studies show 
that the transition between the high and low drag state can be accurately captured 
using the methodology developed for the GCM at zero yaw angle. Furthermore, 
the studies demonstrate that the aerodynamic coefficients of the vehicle can be 
predicted within a few percent error when sufficient resolution is used near the 
vehicle surface. 

 

 
Fig. 2 Comparison of Drag Coefficient Predictions as a Function of Yaw Angle and Mesh Size 
Parameters. 
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Ogive Boat Tail Studies 

A CAD geometry based on the 
GCM was developed with a repre-
sentation of a commercially-
marketed inflatable ogive boat tail 
device attached to the trailer, as 
shown in Fig. 3. Simulations using 
this geometry were completed using 
three different computational mesh 
configurations developed using the 
standard process outlined above. 
Results are summarized in Table 3. 
When compared with results for the 
standard configuration of the GCM 
using comparable mesh densities, a 
drag coefficient reduction of 7% is 
expected, which would correspond 
to a fuel savings of 3.5%. These 
predictions are consistent with claims based on wind tunnel and road tests by the 
company that markets the device.  

 
The impact of the device on the wake behind the vehicle is quite dramatic, 

with the wake closing shortly behind the vehicle rather than many vehicle lengths 
downstream, as shown in the comparison between results with and without the de-
vice in Fig. 4. While this effect should improve driving conditions a vehicle length 
or more downstream from the rear of the tractor-trailer, as with most trailer boat 
tail devices, the more energetic turbulence in the reduced-length wake may nega-
tively impact driving conditions for passenger cars near the rear of the vehicle. 

 

Table 3 Summary of Drag Coefficient Predictions for the GCM Geometry with Ogive Boat Tail. 
 

Near Vehicle Cell Size Near Wall Cell Size Drag Coefficient 

12 mm 2 mm 0.4179 

8 mm 1 mm 0.4116 

8 mm 0.5 mm 0.3975 

Fig. 4 Velocity Magnitude Predictions for the 
Standard GCM Geometry and for the Modified 
GCM Geometry with Ogive Boat Tail

Fig. 3 Modified GCM Geometry with Ogive  
Boat Tail 



356      D. Pointer, T. Sofu, J. Chang and D. Weber 

Radiator and Grille Modifications   

  In order to meet more restrictive EPA 
emissions requirements, manufacturers are 
likely to substantially redesign engine cool-
ing packages to reject more of the engine 
heat that is currently carried away by the 
exhaust. An increase in radiator size is likely 
to result.  In order to quantify the potential 
impact of this change on drag related para-
sitic energy losses, a series of modified 
GCM geometries have been developed with 
modified radiator or grille dimensions. To 
determine whether the flow of external air 
through the radiator and into the engine 
compartment must be modeled when con-

sidering tractor design changes, a series of simulations was completed in which an 
outlet condition is placed at or near the grill location. In these cases, air entering 
the engine compartment does not exit to rejoin the bulk flow, as if the vehicle con-
tained a tank of infinite volume into which it was transferred. While not physically 
representative, this approach allows the effects of flow entering the radiator to be 
isolated from the effects of flow exiting the underhood region into the bulk flow 
around the vehicle. 

The CAD description of the GCM surface was modified to include an open 
grill region as shown in Fig. 5. Flow then passes through this grill before exiting 
the model through an outlet condition placed roughly at the position of the radiator 
surface.  Since flow velocities within the gap between the grill and radiator are 
very small and the pressure within the gap is much lower than the stagnation pres-
sure, the impact of the inaccuracy of the force calculation at the outlet boundary 
on the total drag force calculation is expected to be minimal. With the modified 
geometry, consideration of flow into the radiator results in an increase in the vehi-
cle drag coefficient of approximately 1 percent. Based on these results, it is as-
sumed that the flow into the radiator can be neglected. 
 

Radiator configuration effect studies have considered 4 sets of changes in con-
figuration: 

• Changes in grill/radiator height 
• Changes in grill/radiator width 
• Changes in grill/radiator surface area (aspect ratio maintained) 
• Changes in grill/radiator tilt with respect to the vertical axis of the vehicle 

In all cases, the GCM geometry is modified such that only the dimensions of 
the radiator and the angle of the top and side hood panels are changed. Although 

Fig. 5 Grill Geometry of the Modified 
Generic Conventional Model  
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the curved segments of the hood region have a complex geometry, the primary ra-
dius of curvature between the hood panels and between the top of the hood and the 
grill is maintained in all cases. A significant number of trial and error iterations 
between the CAD model and the CFD model were required for each geometric 
change to ensure that no defects were introduced by the modification of the CAD 
model which negatively impacted the ability to properly mesh the model or artifi-
cially introduced large changes in drag forces. All results presented herein are 
based on CAD surfaces which have been corrected through this procedure. These 
issues would almost certainly been avoided had a standard CAD model that was 
not based on an optical scan been used, since more of the surface construction in-
formation would have been recoverable in a standard CAD model.       

The effects of changes in grill height on the aerodynamic characteristics of 
the GCM geometry were evaluated for a 10% reduction in grille height as well as 
5% and 10% increases in grille height. To account for the effects of cross-winds 
on real highway vehicles, yaw angles of 0, 3 and 6 degrees were considered for 
each case. Predicted drag coefficients are compared with the values obtained for 
the nominal configuration, as shown in Fig. 6. All changes in drag coefficient ob-
served fall within the expected accuracy of the simulation, which is +/- 1% for ze-
ro yaw and +/- 5% for higher yaw angles, and no significant impacts on drag-
related parasitic losses can be expected to result from these design changes. The 
conclusion is supported by the surface pressure coefficient contours compared for 
the three variations and the nominal case in Fig. 7, which show that only the spa-
tial distribution, not the integral sum, of the pressure force acting on the tractor is 
altered by this change in geometry.  

The effects of changes in the width of the radiator and grill region on the 
aerodynamic characteristics of the GCM geometry were evaluated for both a 10% 
reduction and a 10% increase in the grill width. Yaw angles of 0, 3 and 6 degrees 
were again considered for each case.  Predicted drag coefficients, shown in Fig. 8, 
exhibit even less variation that are observed for changes in height and are again 
within the expected error of the simulations. No significant change in drag force 
acting on the vehicle is expected as a consequence of small changes in the radiator 
width.  Predicted surface pressure coefficient data, as shown in Fig. 9, again sup-
ports this conclusion. 
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Fig. 6 Predicted Drag Coefficients for Changes in Radiator Height 
 

 
Fig. 7 Predicted Surface Pressure Coefficient Distributions for Changes in Radiator Height 
 

Fig. 8 Predicted Drag Coefficients for Changes in Radiator Width 
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Since the effects of changes in both height and width of the grill and radiator 
region where minimal, the effects of changing the total surface area of the radiator 
and grill region without changing the ratio of the height to the width was evaluated 
for only a 10% reduction in surface area. Yaw angles of 0, 3, and 6 degrees were 
again considered to account for cross wind effects.  Predicted drag coefficients are 
shown alongside results for the nominal geometry in Fig. 10. No significant varia-
tion in the predicted drag coefficient is observed, and predicted surface pressure 
coefficient data, shown in Fig. 11, again confirms this conclusion. 

 
Fig. 9 Surface Pressure Coefficient Distributions for Changes in Radiator Width 
 

 
Fig. 10 Predicted Drag Coefficients for Changes in Radiator Surface Area and Radiator Tilt 
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Fig. 11 Surface Pressure Coefficient Distributions for Changes in Radiator Surface Area and Ra-
diator Tilt 

In the final study, the effects of the tilt of the grill and radiator are investi-
gated. The bottom of the grill/radiator region is held fixed and the top is tilted 
backward toward the rear of the vehicle until it is 10° from the vertical axis. Since 
the drag coefficient of this configuration at zero degrees is with 0.25 percent of the 
prediction for the nominal geometry, only this case was considered for this con-
figuration. The surface pressure coefficient distribution, also shown in Fig. 11, 
again confirms this conclusion. 

 

Conclusions 

The purpose of this work was to evaluate the applicability of commercial CFD 
for the quantification of the effects of small and large geometric changes on the 
aerodynamic performance of a generic tractor-trailer configuration. Studies in-
clude the addition of an ogive boat tail to the base of the trailer and small modifi-
cations of the tractor’s radiator and grille configuration. A nominal geometry 
based on the Generic Conventional Model was developed and the modified ge-
ometries were defined by altering the dimensions of the GCM using commercial 
CAD software. CFD models were developed using the commercial code Star-CD 
and the approach developed as part of the authors’ prior contributions to the U.S. 
Department of Energy’s Heavy Vehicle Aerodynamic Working Group. 

Based on these results, the ogive boat tail concept appears to have the poten-
tial to reduce aerodynamic drag related parasitic energy losses and to improve fuel 
economy. Initial results indicate that small changes in radiator configuration offer 
neither a significant improvement in fuel economy when reducing the radiator size 
nor a significant penalty when increasing the radiator size – at least for reasonably 
aerodynamic vehicles. Small changes in radiator tilt also have a limited effect.  
These results do not, however, indicate that reductions in radiator size provide no 
benefit to all tractor trailer vehicles. For less aerodynamic tractors that do not al-
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ready take advantage of the very significant benefits of corner rounding with rela-
tively large radii of curvature, reductions in radiator size likely enable the devel-
opment of new designs which do capitalize those benefits.   
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Abstract   Detached Eddy Simulations (DES) are presented for the flow over 
simplified tractor/trailer geometry at zero degrees yaw angle. The simulations are 
conducted using a multi-block, structured computational fluid dynamics code. 
Coarse and fine grids of 3.8 million and 13.2 million cells, respectively, are used 
for the simulations. The analysis involves estimation of the period of initial flow 
transients as well as the period required to obtain statistical convergence, and sug-
gests that prior DES studies for this case were not run long enough to ensure sta-
tistical independence. Time-averaged quantities compared with experimental data 
include vehicle drag, surface pressure and wake velocities. The drag coefficient 
predicted by the DES model matches closely with the experimental value; how-
ever, the DES model fails to accurately capture the details of the turbulent flow in 
the near wake of the trailer base. The simulations on the fine grid show significant 
improvement over the coarse grid results. Fourier analysis of the unsteady pres-
sures in the base region suggests that the discrepancies in the near wake are/may 
be due to the improper transfer of turbulence information from the attached boun-
dary layers (which are modeled with the Spalart-Allmaras RANS model) to the 
turbulent wake where LES-type modeling is used. 

Introduction 

Tractor-trailers are the prime means for transporting commodities across the 
US. At a common highway speed of 70 mph, 65% of the total engine output of a 
Class 8 tractor-trailer is consumed in overcoming the aerodynamic drag [1]. A re-
duction in the fuel consumption of these tractor-trailers even by a marginal 
amount can significantly reduce oil consumption and also generate less pollution. 
One of the ways to reduce the fuel consumption of a tractor-trailer is to reduce the 
overall aerodynamic drag. 
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The most common turbulence modeling approach for engineering applications 
involves solving the Reynolds-Averaged Navier-Stokes (RANS) equations [2]. 
The RANS equations model the effect of the turbulent eddies on the flow rather 
than resolving the eddies. Roy et al. [3] have performed RANS simulations on 
simplified tractor-trailer geometry at a zero degrees yaw angle using the baseline 
Menter k-ω model [4] and the Spalart-Allmaras one-equation model [5]. The flow 
over the front and sides of a tractor-trailer is mostly an attached boundary layer 
flow; however, there is massive separation in the near base region. Accurate pre-
diction of the pressure in the near base region is important because the pressure in 
this region plays an important role in the pressure drag acting on the truck. The 
pressure drag is the major component of the overall aerodynamic drag acting on 
the tractor-trailer. The prediction of the pressure and velocity in the near base re-
gion made by Roy et al. [3] using RANS modeling is not in agreement with the 
experimental data due to the inability of the RANS models to accurately capture 
the near-wake three-dimensional vortical structure. Hence RANS modeling cannot 
be used for capturing the details of a massively separated flow which involves 
shedding of the vortices. To predict the details of the flow structure in the near 
wake region the turbulent eddies may need to be resolved. Large Eddy Simulation 
(LES) is the turbulence modeling technique in which the larger eddies are resolved 
and the effect of the smaller eddies is modeled using a sub-grid scale model. LES 
is computationally expensive but is generally more accurate compared to a RANS 
solution. The biggest drawback of LES is that it is cost prohibitive for modeling 
wall bounded high Reynolds number flows because of the fine mesh requirements 
of the model in the boundary layer. To overcome this drawback, the LES model 
was combined with the Spalart-Allmaras one-equation RANS model [5] to give a 
hybrid RANS/LES model called the Detached Eddy Simulation (DES) approach. 
DES was proposed by Spalart et al. [6], and Barone and Roy [7] have evaluated 
this model for simulation of turbulent wake flow applications. The DES model is 
used for simulating the flow over simplified tractor/trailer geometry in the current 
work. 

Problem Formulation 

A 1/8th scale simplified model of a class-8 tractor-trailer called the Ground 
Transportation System (GTS) was studied experimentally at the NASA Ames 
7×10 ft wind tunnel [8]. Table 1 shows the dimensions of the model. The model is 
without any wheels and is supported by four posts. There is no tractor-trailer gap 
in the model, which helps to simplify the grid generation. The Reynolds number 
based on the trailer width (W = 0.3238 m) is approximately 2 million. The origin 
of the co-ordinate system is in the vertical symmetry plane and at the bottom of 
the front face of the GTS. The x-axis runs downstream. The y-axis is along the 
vertical direction and the z-axis runs spanwise towards the side wall. Surface 
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pressures, wake velocities (from PIV data) and coefficient of drag are used for 
comparison with the simulations in the present work. Figure 1 shows some of the 
PIV data planes located near the base of the GTS model which will be used for 
comparing the u- and v-velocity contours and streamlines. Table 2 shows the con-
ditions of the wind tunnel during the experiment. 

Table 1 Dimensions of the GTS  

H 0.45 m 
L 2.48 m 
W 0.32 m 

 

Fig. 1 PIV planes in the near base region 

Table 2 Wind tunnel conditions 

Parameter Value 
Re 2.02 million 
V∞ 93.8 m/s 
Pt 102,653.2 N/m2 
Pd 5266.82 N/m2 
Tt 285.76 K 

 1.18 kg/m3 
Pref 97,216. N/m2 
Mref 0.279 
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Simulation Approach 

The code used for the simulations was the Sandia Advanced Code for Com-
pressible Aerothermodynamics Research and Analysis (SACCARA). It is a com-
pressible flow solver used at Sandia National Laboratories and was originally de-
veloped from the INCA code [9][10]  written by Amtec Engineering. It is used to 
solve the Navier-Stokes equations and the turbulence transport equations in finite-
volume form. Code verification has been performed on the SACCARA code by 
code-to-code comparison with other Navier-Stokes codes [10] and with Direct 
Simulation Monte Carlo method [11]. The code uses a Lower-Upper Symmetric 
Gauss-Seidel scheme to solve the discretized equations. This scheme is based on 
the works of Yoon et al. [12] and Peery and Imlay [13] and has excellent scalabil-
ity up to thousands of processors. 

The SACCARA code uses a cell-centered finite volume approach. The code 
uses Yee’s Symmetric Total Variation Diminishing (STVD) upwind scheme [14] 
for discretization of the convective terms in the Navier-Stokes equations. The 
scheme is modified to incorporate Harten’s artificial compression switch (ACM) 
[15] to further reduce the dissipation, along with characteristic based filtering [14]. 
This modified STVD scheme uses the constant K to control the global numerical 
dissipation in the solution. The value of K varies from 0.03 to 2 and is problem 
dependent. For the current simulations, we employed K = 0.2. Harten’s switch is 
used to reduce the numerical dissipation locally. The viscous terms were discre-
tized using central differencing. A sub-iterative procedure is used to obtain sec-
ond-order accuracy during the temporal discretization, where the summation of 
the discretized temporal derivative and the steady-state residual at the n + 1 time 
level is iterated until it reaches the specified tolerance value. Unless otherwise 
specified, for the coarse mesh the number of sub-iterations performed during each 
time step were nIt = 4, and for the fine mesh the number of sub-iterations per-
formed during each time step were nIt = 5.  

The destruction term in the Spalart-Allmaras one-equation model, when bal-
anced with its production term, adjusts the eddy viscosity υ̃ to scale it with the lo-
cal strain rate S and the distance from the wall d, i.e., υ̃ ∝ Sd2 [6]. The Smagorin-
sky eddy viscosity model scales its subgrid scale eddy viscosity with S and grid 
spacing Δ i.e., υ̃ ∝ SΔ2 [6]. Spalart modified the Spalart-Allmaras one-equation 
model in which the distance from the wall d is replaced by d̃   

( )Δ= DESCdd ,min
~

 

where Δ is maximum mesh spacing in the three coordinate directions 

( )zyx ΔΔΔ=Δ ,,max  
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and CDES is the constant proposed by Spalart and is equal to 0.65 [6]. Away from 
the wall, d > Δ i.e., d ̃  becomes equal to CDESΔ and the model is modified to give 
Smagorinsky’s subgrid LES model. Near the wall d < Δ and the model behaves as 
the Spalart-Allmaras one-equation model.  The DES model is thus a combination 
of the Spalart-Allmaras one equation model and Smagorinsky’s subgrid-scale LES 
model.  

The simulations were performed over a domain that included a significant por-
tion of the wind tunnel test section with the GTS model insertion location consis-
tent with the experiment. A coarse mesh having 3.8 million cells and a fine mesh 
having 13.2 million cells were used to perform the study. Figure 2 shows the 
coarse mesh around the base of the GTS in the vertical symmetry plane. The grids 
were generated such that the highest value of the wall y+ term is 1.4 from the 
coarse mesh. The structured mesh employed used point to point connectivity at the 
interface of two blocks. Both the grids were decomposed and solved using 86 
processors.  

 

 
Fig. 2 Coarse mesh near the base of the GTS (z/W = 0) 

The inflow boundary employs stagnation values for pressure Pt = 102,653 N/m2 
and temperature Tt = 285.76 K and enforces inflow normal to the boundary. The 
outflow boundary used a fixed static pressure of P = 97,700 N/m2. The back pres-
sure was chosen so that the tunnel wall reference pressure (Pref) located at x/W = 
4.47, y/W = 2.588 and z/W = -4.7 matched with the experiment. The reference 
pressure is used in the calculation of the pressure coefficient and drag coefficient. 
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Table 3 compares average reference pressure values from the coarse and fine 
mesh with the experimental value. Slip wall conditions were applied to the top and 
side walls of the wind tunnel to save the computational cost, while the floor of the 
wind tunnel, the GTS surface and the support posts employ no-slip velocity condi-
tions and assume an adiabatic wall. The freestream dynamic eddy viscosity is set 
at μt = 1×10-5 N/m2. Solid wall boundary condition for the turbulence model can 
be found in [16]. 

Numerical Accuracy 

DES is a simulation of an unsteady flow i.e., it yields a time-accurate solution. 
To assess the mean properties of the flow the data from the simulations have to be 
averaged over some time window. The size of the time window is determined by 
performing a statistical convergence analysis. The statistical convergence analysis 
performed during this research involved averaging the data from the unsteady so-
lution over different time windows. The time windows used for averaging the data 
are shown in Fig. 3. This figure shows pressure signal from the simulations lo-
cated in the base of the GTS (x/W = 0.64, y/W = 0.63 and z/W = -0.46). The signal 
is plotted against non-dimensional time τ. It is assumed that the largest time win-
dow shown in the figure is wide enough to give statistically converged results. Al-
so, computation of a bigger time window will increase the computational cost. The 

Table 3 Comparison of reference pressure (Pref) from the experiment and time-averaged 
reference pressure (Pref) from simulations  

Experiment Coarse Mesh Fine Mesh 
97,336 N/m2 97,295 N/m2 97,249 N/m2 

 
Time has been non-dimensionalized by a reference time scale τ defined as 

sVW 0034.0/ == ∞τ  
where V∞, the freestream velocity is equal to 93.8 m/s. The coarse mesh 
simulations were performed using a non-dimensional time step ∆τs = 1.16×10-3 
(∆ts = 4×10-6 s) and the fine mesh simulations were performed using a non-
dimensional time step of ∆τs = 2.32×10-3 (i.e., ∆ts = 8×10-6 s). Table 4 gives the 
characteristic length scales for the fine and coarse meshes (note that the length 
scales are non-dimensionalized by the width of the trailer).  

Table 4 Characteristic length scales 

Mesh ∆wall ∆wake 
Points across the wake 

(considering maximum grid 
spacing) 

Coarse 6.17×10-5 0.038 26 
Fine 3.08×10-5 0.026 38 
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width of this window is τw = 270 ( tw = 0.91 s). Time-averaged velocity profiles 
corresponding to the time windows shown in Fig. 3 were used for this analysis. 
The line B shown in Fig. 1 is the location where the velocity profiles were com-
puted respectively. These locations are in the turbulent wake of the flow over the 
GTS. Figure 4 compares the differences between the various u/Vref velocity pro-
files corresponding to the smaller time windows shown in Fig. 3 and the u/Vref ve-
locity profile corresponding to the biggest time window. The velocity profiles cor-
responding to time windows having starting time τstart = 394 and beyond have 
minimal difference with respect to the corresponding profile from the biggest 
window. An upper and lower limit is placed on the results from the smaller time 
windows. These limits are equal to the maximum difference between the variable 
calculated from the corresponding smaller time window and the variable obtained 
from biggest time window/best available solution. This analysis suggested that the 
smallest possible time window giving results close to the statistically converged 
values  is the window corresponding to τstart = 394, τend = 571 (i.e., τw = 177 or 

tw ≈ 0.612 s). Any window which is smaller than this is not wide enough to give 
results close to the converged values. Hence all the comparison with the experi-
mental data is made by time averaging the data from the simulations over a period 
of tw = 0.612 s. Unaune et al. [17] and Maddox et al. [18] have reported the sta-
tistical convergence period of  tw ≈ 0.35 s and 0.27 s, respectively. 

 

 
Fig. 3 Time windows for statistical convergence 

 

∆ ∆

∆
∆

∆
∆
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Fig. 4. Error in axial velocity relative to largest window: coarse mesh (K = 0.2) 

The simulations are initialized with freestream values of velocity, pressure and 
temperature. The flow over the GTS during some initial time period oscillates 
because of the waves generated due to sudden exposure of the GTS to the 
freestream flow. These oscillations are called the initial transients. The large 
pressure oscillations seen in Fig. 5 near τ = 0 are the initial transients in the flow. 
As the flow over the GTS settles the initial transients diminish. The data collected 
during the initial transient period should be neglected. Therefore the time period 
of existence of initial transients has to be calculated. For calculating the period of 
initial transients the pressure profiles along the line A shown in Fig. 1 was time 
averaged over a window with ∆τw = 177. ∆τw = 177 is the time window required 
to achieve statistically converged results which was determined in the previous 
section. The time window was slid along the time axis as shown in Fig. 5. Figure 6 
compares the differences between Cp profiles corresponding to the various earlier 
time windows shown in Fig. 5 and the Cp profile from the window farthest along 
the time axis. It is assumed that the window farthest along the time axis is far 
enough from τ = 0 and does not involve any initial transients. Pressure and 
velocity profiles corresponding to time windows having starting time τstart = 301 
and beyond have minimal difference with respect to the corresponding profiles 
from the farthest window. This suggests the existence of initial transients up to τ = 
301, i.e., t = 0.92 s. The data collected after this period has marginal effect of the 
initial transients and can be used for comparison with the experiment. This will be 
done by considering an upper and lower limit over the time-averaged data from 
the simulations denoting the effect of the initial transients. Initial transience period 
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Fig. 5 Time windows for estimating initial transients 

 

 
Fig. 6 Cp profile error relative to final time window: coarse mesh (K = 0.2) 

The maximum uncertainty due to the effect of insufficient statistical conver-
gence, presence of initial transients, temporal discretization (see Ref. [19]) and 

predicted by Unaune et al.  [17] is 0.2 s which is significantly less than that 
predicted here.  
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insufficient iterative convergence (see Ref. [19]) was calculated for the pressure 
and velocity of the flow. Table 5 gives the values of the uncertainty from these 
sources. The total uncertainty was calculated using an analogy to experimental un-
certainty propagation techniques using the formula 

2
4

2
3

2
2

2
1 UUUUUT +++= .  

Table 5 Maxiumum uncertainty bounds  

Source  
of uncertainty 

Cp u/Vref v/Vref w/Vref 

Initial transients (U1) 0.006 0.01557 0.01524 0.0212 
Statistical convergence 
(U2) 

0.0047 0.00665 0.01103 0.01396 

Number of sub-iterations 
(U3) 

0.007 0.01915 0.015 0.02296 

Time step (U4) 0.0175 0.05116 0.0430 0.00564 
Total uncertainty (UT) 0.028 0.0572 0.0493 0.0346 

 
The effect of mesh size is studied by comparing results from the coarse and the 

fine meshes. Figure 7 compares the u/Vref velocity contours and streamlines from 
the coarse and fine mesh in the vertical streamwise plane (shown in Fig. 1). Figure 
7 (top) shows that the coarse mesh simulations predict the upper vortex dominant 
over the lower vortex. The fine mesh results shown in Fig. 7 (bottom) show the 
vortices are almost equal in size. Figure 8 compares the pressure coefficient along 
the line A in Fig. 1.  The coarse mesh pressure profile shows a bulge in the 
negative direction in the upper half of the trailer base due to the dominant upper 
vortex in the coarse mesh. The fine mesh pressure profile is almost a flat curve 
due to equal size of the upper and lower vortices (Fig. 7, bottom). It should be 
noted that the ∆τs and nIt values used for the fine and coarse mesh simulations are 
different. However the effect of ∆τs and nIt on the results from the simulations is 
relatively small when compared to the effect of the mesh size. The fine mesh 
results, which are expected to be more accurate, are now compared with the 
experiment. 
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Fig. 7 Axial velocity contours and streamlines for the coarse mesh (top) and fine mesh (bottom) 
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Fig. 8 Effect of mesh size on the base pressure distribution 

Results and Discussion 

Figures 9a and 9b compare the u/Vref velocity contours and streamlines in the 
vertical streamwise plane (vertical plane in Fig. 1) from the experiment and fine 
mesh simulations. The experimental data shows the lower vortex located much 
closer to the base of the GTS model and at a higher location than the simulations.  
The upper vortex is not seen in the experimental PIV window but the nature of the 
streamlines in the window suggests that it may be located near the upper right cor-
ner of the window. The distribution of the vortices in the fine mesh simulations is 
more symmetric as seen in Fig. 9b. Figure 9c shows the u/Vref velocity contours 
and streamlines in the vertical streamwise plane from the RANS modeling per-
formed by Roy et al. [3]. The figure shows very similar structure of the upper and 
lower vortices when compared to the DES simulations. However the vortices from 
the RANS modeling are closer to the base of the GTS model than the results from 
DES simulations. This difference in location of the vortices from the experiment 
and the simulations gives a major difference in the pressure distribution on the 
base of the GTS model obtained from the experiment and the simulations (to be 
discussed later). 
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Fig. 9 Axial velocity contours and streamlines for a) experiment [8], b) fine mesh DES, and c) 
RANS computations [3] 



376      

Figsures 10a, b and c compare the u/Vref, v/Vref and w/Vref velocity profiles, re-
spectively, from the experiment and the simulations. These profiles are plotted 
along the line B shown in the base of the GTS model in Fig. 1. The uncertainty 
bounds on the profiles from the simulations are obtained from Table 5. Out of the 
two  PIV data sets one was obtained from the vertical streamwise PIV data plane 
(vertical plane in Fig. 1) and the other data set is obtained from horizontal 
streamwise PIV data plane at y/W = 0.696 (horizontal plane in Fig. 1). The differ-
ence in the experimental data sets may be the result of errors in the PIV measure-
ments. Figure 10a shows that the recovery of the u-velocity from the experiment 
starts earlier than the simulations. Figure 10b shows the v-velocity profiles from 
the experiment has a completely different trend than the profile from the simula-
tions. Figure 10c shows a comparison of the w-velocity. Since these profiles are in 
the z/W = 0 plane i.e., the vertical symmetry plane of the GTS the w-velocity 
should ideally be zero in this plane and we see the same in the profiles from the 
simulations and the experiment.  

 
Figure 11a compares the pressure distribution plotted along the line A in the 

base of the GTS as shown in Fig. 1. It should be noted that in Fig. 11a the pressure 
profiles are plotted on a magnified Cp scale, so that even though it appears that the 
profile from the DES simulations and the profile from the RANS modeling per-
formed by Roy et al. [3] do not match with the experimental data, the overall 
range of the pressure predicted by the computational models match with the range 
of the experimental pressure values. The plot shows that the profile from the DES 
simulations is almost a flat curve but the RANS model shows the opposite trend of 
pressure distribution to that seen in the experiment. The uncertainty bound on the 
profile from DES simulations is obtained from Table 5. Figure 11b compares the 
pressure distribution along the top and bottom surfaces of the GTS in the z/W = 0 
plane from the experiment and the simulations. The top and bottom surfaces are in 
the attached boundary layer flow region where the DES model does a good job of 
the matching with the experimental data.  
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Fig. 10 Comparison of velocity profiles from experiment and DES simulations along the axial 
line in the wake a) u/Vref,  b) v/Vref and c) w/Vref 
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Fig. 11 Pressure coefficient profiles for a) the trailer base and b) the top and bottom of the GTS 

Table 6 compares the drag coefficient from the simulations with the experimen-
tal data. The table shows that the DES simulations of the fine mesh, coarse mesh 
and the DES by Unaune et al. [17] do a very good job of predicting the drag. The 
reason for the high value of error in the drag predicted by Maddox et al. [18] is not 
known. RANS models overpredict the drag value by a large amount as compared 
to the DES simulations. 
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Table 6 Drag coefficient 

Source CD % error w.r.t. 
experiment 

Experiment 0.249 0% 
Coarse mesh DES (3.8M cells) 0.2565 +3 % 
Fine mesh DES (13.2M cells) 0.2439 -2 % 
Unaune et al. [17]DES (13.8M cells) 0.253 +1.6% 
Maddox et al. [18]DES (6M cells) 0.279 +12% 
Roy et al. RANS Menter k-ω (20M cells) 0.298 -19% 
Roy et al. RANS Spalart-Allmaras (20M cells) 0.413 +65% 

 
In the experiment a high-frequency pressure transducer is located on the base 

of the GTS model (x/W = 7.647, y/W = 0.63 and z/W = -0.46). The power spectra 
for the unsteady pressure signal is obtained by performing a fast Fourier transfor-
mation (FFT) of the normalized unsteady pressure signal from the experiment and 
the simulations. FFT is an efficient way to perform a discrete Fourier transform of 
a signal. It converts the signal from the time domain into the frequency domain. 
This power spectrum serves the purpose of giving an idea about the frequency of 
the turbulent structures in the region near the base of the GTS model. The fre-
quency corresponding to the peak in the power spectra is the frequency containing 
the most turbulent energy. Although not shown, the power spectra obtained from 
the experiment shows a peak frequency at nearly 24Hz. The power spectra from 
the simulations show three peaks at approximately 80 Hz, 110 Hz and 130 Hz. 
Also some peaks are seen in the range of 10 to 30 Hz which appear to roughly cor-
respond to the dominant frequency found in the experiment. Animations of the 
turbulent flow in the wake were performed and they showed the flapping of the 
shear layers which separate from the attached boundary layers on the top and bot-
tom surfaces of the GTS in the LES region in the wake. The peaks in the simula-
tion power spectra appear to correspond to the large-scale unsteadiness of the 
shear layers observed in the animations. We surmise that the presence of the addi-
tional peaks in the power spectra from the DES simulations (which are not found 
in the experiment) is due to the inability of the RANS boundary layer to properly 
transfer turbulence fluctuation information into the shear layer in the LES region. 
This is an acknowledged short-coming of the DES method and may in fact be re-
sponsible for the inability of the DES method to reproduce the wake structure seen 
in the experiments. 
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Conclusions 

The estimated initial transient period (t ≈ 1 s) and the time period required for 
achieving statistical convergence (t ≈ 0.61 s) should provide guidance for future 
simulations. The drag value predicted by the simulations agrees with the experi-
mental value. The pressure values predicted by the DES in the attached boundary 
layer regions also matches with the experiment. The range of the pressure values 
predicted by the DES simulations in the base of the GTS model agrees with the 
range of the values of pressure from the experiment. The actual pressure profile in 
the base region, however, does not match with the experimental data. The pressure 
profile from the DES simulations however gives much better prediction than 
RANS modeling [3]. The prediction of the location of the vortices near the base of 
the model does not match with the experimental data. Here the DES model fails to 
accurately capture the details of the turbulent flow in the near base region. The 
failure of the current DES simulations to predict wake details appear to be related 
to one of the main drawbacks of the hybrid RANS/LES methods, namely that 
there is no mechanism to transfer turbulence fluctuation information from the 
RANS region (i.e., the boundary layer) to the LES region (i.e., the wake). Hence 
when the shear layers separated from the surface of the trailer enter the wake re-
gion governed by the LES model, there is no way to convert the large, modeled 
eddy viscosity into large-scale turbulent fluctuations required for the LES model. 
Research on the transfer of information from the modeled turbulence obtained 
from RANS equations in the boundary layer to the LES model in the separated re-
gion should improve the predictions of the wake flow details given by DES on 
coarser grids.  
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Abstract   Currently, there exists a lack of confidence in the computational simu-
lation of turbulent separated flows at large Reynolds numbers.  The most accurate 
methods available are too computationally costly for use in engineering applica-
tions. Using concepts borrowed from large-eddy simulation (LES), a two-equation 
Reynolds-averaged Navier-Stokes (RANS) turbulence model is modified to simu-
late the turbulent wakes behind bluff bodies.  This modification involves the com-
putation of one additional scalar field, adding very little to the overall computa-
tional cost. When properly inserted in the baseline RANS model, this modification 
mimics LES in the separated wake, yet reverts to the unmodified form near no-slip 
surfaces. In this manner, superior predictive capability may be achieved without 
the additional cost of fine spatial resolution associated with LES near solid 
boundaries. Simulations using several modified and baseline RANS models are 
benchmarked against both LES and experimental data for a circular cylinder wake 
at Reynolds number 3900. These results reveal substantial improvements using the 
modified system and appear to drive the baseline wake solution toward that of 
LES, as intended. Further results include the simulation of the turbulent wake cre-
ated by the Ground Transportation System (GTS), a simplified tractor-trailer ge-
ometry studied extensively by the Department of Energy for use in turbulence 
model validation. 
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Abstract   An accurate and repeatable measurement of truck-induced spray is re-
quired to develop and test spray-reducing devices.  Such a system is described, 
based on a sequence of CCD-captured video images of a black and white chequer-
board which was partially obscured by spray from a passing test truck.  Images 
were analyzed to reveal the contrast changes, from which spray densities were in-
ferred.  Results of on-road trials are described and it was found that none of the 
tested wheel-mounted systems offered any statistically significant reduction in 
spray.  Supporting track and wind-tunnel tests documented the flow vectors close 
to the truck; for an unmodified vehicle and when fitted with sideskirts and a cab-
mounted add-on aerodynamic device.  It was concluded from the flow field stud-
ies that the problem of vision impairment for a passing motorist would be signifi-
cantly reduced when sideskirts and (for vehicles hauling a high load) correctly-
matched cab roof deflectors were fitted. This offers the trucking industry the com-
bined advantages of drag and spray reduction. 

1. Introduction 

Trucks traveling on wet roads are known to present a nuisance to other road us-
ers; particularly when attempting overtaking maneuvers. Whilst some contention 
exists over the extent of danger this poses, it is clearly of annoyance to other road 
users and known to be a source of cleaning costs to the trucking industry [1]. 

There have been many attempts to retrofit several types of commercial vehi-
cles, including buses, with devices designed to ameliorate the spray via inserts or 
other changes or treatment to the mudguards. These have included fabric materi-
als, bristles and specially shaped inserts which all try to catch splash and spray in 
order to avoid the vision impairment associated with lateral passage of spray into 
the area of passing vehicles. However, analyzing the effectiveness of these devices 
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has proved difficult and unreliable and in 2000 a report to the USA Congress [2] 
concluded that there was “significant interest in splash and spray suppression by 
government and the private sector”. It also found that “technologies that purport to 
reduce splash and spray cannot be shown to translate into real world visibility im-
provements for drivers” and that when reviewing work in Europe “there are no 
data that show devices that are approved under their laboratory test result in better 
visibility on vehicles on the road”. 

There have been several experiments conducted in Australia which have pro-
vided insights into methods to repeatably document vision impairment and to 
quantify the influences of mudguard treatment and the influence of aerodynamics 
on the movement of the spray. Other attempts to counter the lack of a reliable 
method and to investigate the influence of devices include [3, 4, 5, 6]. These have 
generally involved the use of video acquisition and analysis techniques to quantify 
truck-induced spray, although other laser-based methods have been used, prior to 
the advent of relatively low cost PCs and CCD cameras. 

The video-based spray-measuring system described herein was developed at 
RMIT University, on behalf of the Australian Federal Office of Road Safety.  
From the conception of the project it was decided that the system should represent 
what an overtaking motorist would experience as closely as possible.  This system 
and some typical results are described here with an overview of some supporting 
flow field studies. 

2. Spray-Measuring System 

The spray-measuring system uses the change in contrast of recorded video im-
ages to determine the density of spray. Whilst it was considered that the measure-
ment of brightness could have a use in the measurements, a series of laboratory 
tests, where spray was generated in the laboratory and videoed under a range of 
different conditions [7] demonstrated the undesirable influence of brightness on 
the results. Clearly for any road or track tests this would prove problematic since 
the changing light (including the influence of clouds shading direct sunlight) 
would be an unwanted variable. The choice of contrast as the defining variable 
was based on the fact that objects, such as other motor vehicles, are seen by the 
human eye due to their contrast with the surrounding background. The laboratory 
tests also indicated that the use of contrast variation, as opposed to changes in im-
age brightness, for determining spray density produced more repeatable results 
under a wider range of lighting conditions. The use of a contrast-based system 
therefore allows for better correlation of results from different test sessions than is 
possible with a brightness-based system.  This has the advantage that testing can 
be conducted at different times, under different lighting conditions, while main-
taining confidence in the repeatability of results. 



Spray from Commercial Vehicles: A Method of Evaluation and Results from Road Tests      389 

In order to measure the change in contrast due to spray, chequered target 
boards were used. These target boards consisted of a grid of alternating black-and-
white squares. An image of each board was taken immediately prior to the boards 
being obscured by spray and the contrast of each grid square in this ‘control’ im-
age defined as 100% contrast. A series of images was then recorded with the tar-
get boards partially obscured with spray and the contrast of each grid square again 
calculated. The change in contrast of each grid square was then calculated as a 
percentage of the contrast of the control image, thus giving a relative value which 
can be compared to other results taken under different conditions. 

2.1 Hardware   

The main hardware components of the spray-measuring system were a pair of 
CCD cameras, associated video capture cards and the two chequered target 
boards.  The CCD cameras had manually adjustable iris and shutter speed so that 
they did not automatically correct for the increased image brightness when spray 
is present.  The video capture cards were installed in PCs and set to capture video 
at a rate of 12.5 frames-per-second at a resolution of 192x144 pixels.  The images 
were 8-bit (256 level) greyscale. Each video sequence recorded contained 100 
frames (8 seconds of video), of which approximately half were used for analysis in 
determining the effectiveness of the spray-reducing devices. 

The target boards measured 3.2m horizontally and 2.4m vertically.  Each board 
had been divided into a black-and-white chequered grid of 195mm squares (192 
squares on each board). Vertical boarders of 40mm and horizontal boarders of 
30mm surrounded the chequered region to prevent light diffusing around the tar-
get boards into the recorded region. 

2.2 Software 

Video capture was performed with software supplied with the video capture 
boards. After a video sequence was captured, it was converted into a series of bi-
mapped images.  As with the captured video, these images were 8-bit greyscale. 
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Fig. 1 Examples of time-averaged contrast change images (left and right-hand sides of a passing 
truck) 

 
Fig. 2 Examples of spray-density contour plots (left and right-hand sides, corresponding to the 
images in Fig. 1) 

 
Custom software was written for the analysis of the video images. The analysis 

relied on the change in image contrast due to spray obscuring the target boards.  
The first image of each sequence was taken as the control image and the analysis 
software assigned each grid square in the control image a contrast value of 100%, 
after calculating an absolute value of contrast. Here contrast is defined as the ratio 
of the brightness of the centre square to the average brightness of the squares 
above, below, left and right of the centre square.   

Subsequent images were compared relative to the control image and the per-
centage difference in contrast of each grid square, relative to the corresponding 
square of the control image, was taken as the change in contrast for that square.  
The average change in contrast for each square over the series of images was also 
calculated to form an image of time-averaged contrast change (an example of the 
time-average contrast change, for the left and right-hand sides of the vehicle, is 
shown in Fig. 1, where the white regions indicate areas of decreased contrast).  
From the averaged image, the overall change in contrast of the image was calcu-
lated and topographical plots were formed to show the density distribution of 
spray.  An example spray-density contour plot is shown in Fig. 2. As images were 
recorded from each side of the test vehicle simultaneously, an average of the left 
and right-hand sides of the vehicle was also calculated.  The average of the two 
sides was used for comparisons between different test runs and vehicle configura-
tions as the effects of varying wind conditions was shown to be greatly reduced.  
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Results were processed immediately after each run to provide rapid feedback as to 
the effectiveness of a spray-reducing device. 

After the initial analysis of results, it was observed that the results were being 
influenced by the ‘shake’ of the cameras as the test vehicle passed. As the location 
of the grid squares were moving relative to the boundaries of the images, this gen-
erated apparent changes in contrast. To overcome this problem, two routines were 
added to the software. The first routine located the boundaries of each individual 
square from the control image while the second routine ‘tracked’ the grid squares 
as they moved with camera shake - a form of digital image-stabilization.  With the 
implementation of these two routines, it was found that the results were consid-
erably more repeatable. 

3. Testing Of Spray-Reducing Devices 

3.1 Test Track 

 
Testing was conducted at the Anglesea Complex Proving Ground, in Victoria, 

Australia. A 3.2km oval track at the Complex was employed for the tests as it in-
corporates a 200m section of wetted track and allowed the test vehicle to maintain 
a steady 100km/h though the test section. In the test section, the track surface is 
fine-grade asphalt and there is a downhill gradient of 1-in-200 in the direction of 
travel and a cross-slope of 1-in-75 from right-to-left. Surface wetting was obtained 
from a series of sprinkler heads spaced at 5m intervals along the high (right) side 
of the track. The sprinkler flow rates were independently variable and were set to 
provide the maximum flow rate without impinging on the test vehicle as it passed.  
All of the sprinkler heads rotated through 120° to provide a reasonably even cov-
erage of water. The sprinklers were operated for 30 minutes before testing to allow 
the water distribution to stabilize and then run continuously for the remainder of 
testing.  Due to slight undulations of the track surface, the water depth varied from 
<1mm to 3mm in the test section.  A short duration after each run ensured the 
track was repeatably saturated. 

3.2 Test Procedure 

An overview of test layout and procedure can be seen in Figs. 3 and 4. The 
cameras were mounted on tripods at a height of 1m (similar to the eye level of a 
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driver seated in a conventional car) and laterally aligned with the centre of the cor-
responding target board. The target boards were mounted with their lower edges 
800mm above the track surface with a distance of 3.5m between the two boards, 
allowing a clearance of 500mm between the extremities of the 2.5m wide test ve-
hicle as it passed between them. The target boards were placed at the end of the 
wetted section of track with the cameras placed 75m from the target boards. This 
left approximately 125m of wetted track for the complete wetting of the underside 
of the test vehicle before it passed the cameras. 

Recording of the video images was triggered by an infra-red relay switch 20m 
before the truck passed the cameras. 

 

 
Fig. 3 Test overview 

3.3 Test Vehicle 

All tests were conducted with a Freightliner FL106, conventional-cab, tandem-
axle tractor unit and a Lucar 4.0m, tandem-axle box trailer. The test vehicle is 
shown in Fig. 4. 
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Fig. 4 Test vehicle and track 

3.4 Spray-Reducing Devices  

Three configurations were tested. ‘Configuration A’ was the baseline configu-
ration of the truck, as supplied for testing. This configuration included mudguards 
fitted to the drive wheels and untextured rubber mudflaps fitted behind all wheels.  
‘Configuration B’ was the same as the baseline configuration but with the fitment 
of commercially-available textured mudflaps to the drive and trailer wheels (ne-
cessitating the removal of the untextured flaps). ‘Configuration C’ was formed by 
the removal of all flaps and the drive-wheel mud-guards. 

3.5 Test Method 

Several recorded runs of each configuration were performed to determine the 
repeatability of the results. The vehicle speed was held at a constant (and speed 
governed) 100km/h through the test section. Video capture was triggered 20m be-
fore the truck passed the cameras and continued for 8 seconds, at the end of which 
the truck was 125m past the target boards. This allowed the first image of each 
video sequence to be used as the control image and the build-up and dissipation of 
spray to be recorded. At regular intervals throughout the day, ambient temperature 
and humidity readings were taken. Wind speed and wind direction were also 
measured for each run. 
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Fig. 5 Results of Configuration ‘A’ 

 
Fig. 6 Results of Configuration ‘B’ 
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Fig. 7 Results of Configuration ‘C’ 

3.6 Results and Discussion 

The repeatability of results with varying ambient conditions was found to be 
very good. It was also found that the averaging of the left and right-hand side re-
sults proved very effective in reducing the effects of varying wind direction and 
wind speed, although it should be noted that winds were light (<10km/h) and wind 
direction was relatively constant. No significant changes in ambient temperature 
or humidity were recorded. 

The graphs of Fig. 5 to 7 show the results for each of the three configurations 
tested. Each graph shows the percentage change in contrast due to spray for the 
left and right-hand sides of the truck and the average change in contrast of both 
sides for a number of runs. The graphs show that while the results from the left 
and right sides varying considerably, the averaged results remain relatively consis-
tent. This is particularly evident with Configuration A - the percentage of spray 
recorded on the left and right hand sides varied considerably but the average of the 
two sides remained almost constant at a change in contrast of -30%. 

This is further evidenced from Table 1, which gives a summary of the results.  
Values given are the calculated mean percentage change in contrast, the popula-
tion standard deviation from the mean, 95% confidence intervals from the mean 
and the 95% confidence intervals as a percentage of the mean value.  These values 
are given for the left-hand side of the truck, the right-hand side of the truck and 
the average of the left and right hand sides of the truck. 

From the 95% confidence intervals it can be seen that it is advantageous to 
measure the spray from both sides of the truck simultaneously and average the 
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results.  Referring to Configuration A, the 95% confidence intervals for the left 
and right hand sides are 7.1 and 7.9 (or 26.3% and 22.9% of the means) respec-
tively.  However, the 95% confidence interval for the averaged result is 1.9, or 
6.1% of the mean value. The results for the other configurations tested also show 
similar patterns. 

The results also indicated that there was very little variation in the quantity of 
measured spray between each configuration. As the differences in results are all 
within the 95% confidence intervals, no conclusions can be made as to which con-
figuration performed best. These results were also confirmed by spectators during 
testing and by subsequent viewing of video tape recorded during the testing. 

Figure 7 shows a plot of the typical variation of spray density against the test 
vehicle distance from the camera. At a distance of 0m, the front of the truck is 
level with the camera, at 75m the front of the truck is level with the target boards 
and at 200m the truck is 125m past the target boards.  If looked at from right-to-
left, the graph is an indication of the variation in visibility that a motorist can ex-
pect to see when approaching a truck and then overtaking that truck. Initially, 
there is a steady increase in the spray density, the rate of which increases as the 
back of the truck is approached. After passing the trailer wheels the spray density 
begins to decrease but there is a slight increase in density as the drive wheels are 
passed.  Beyond this point there is a rapid decrease in spray density until the truck 
is completely passed. (The reduction in contrast near a distance of 80m is believed 
to be due to the target boards and the influence they have on the flow field and the 
truck passes by them.). 

Fig. 8 Typical variation of change in contrast due to spray with test vehicle distance from camera 
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Table 1 Summary of results 

3.7 Comparisons of Technique with Recommended Practices 

A Society of Automotive Engineers (SAE) standard exists for spray measure-
ments – J2245 [8]. There is one main difference between the spray-measuring sys-
tem described here and [8] - the J2245 method records four frames of video at 30 
frames-per-second when the front of the truck is 10.67m (35ft) from the target 
boards, whereas the method described here records 100 frames of video at 12.5 
frames-per-second. The J2245 method therefore provides an average over a very 
short period of time (4/30ths of a second). This has one main advantage over a 
longer recording period. The short time period means that the results are relatively 
instantaneous and are therefore not greatly effected by the camera ‘seeing’ differ-
ent regions of the spray cloud as the camera-to-truck distances changes over the 
time of recording (although this does simulate what a passing motorist will see).  
However, as Fig. 8 shows, the density of spray changes rapidly in the region 
where the four frames are recorded (10.67m before the target boards or about the 
65m mark). Therefore, small variations in the point of recording can produce sig-
nificant variations in results. Also, the spray clouds being measured are highly 
turbulent and time-variant.  From a study of video recorded during testing, it is be-
lieved that the period of oscillation of the spray clouds can be as long as one sec-
ond. This indicates that several seconds of video needs to be analyzed for good 
statistical significance of results. Doing so should also reduce the number of runs 
required to attain the same degree of repeatability. 

There are other minor differences between the two methods (such as the dis-
tance from cameras to target boards, the calculation of grid square contrast values 
and vehicle speed in the test section) but none of these are expected to have a sig-
nificant influence on the differences in results. 
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4. Flow Field Measurement – An Overview 

As supporting documentation to the spray work, flowfield mapping was under-
taken utilizing dynamically calibrated “Cobra” probes which could provide infor-
mation on the time-average and transient flow fields around commercial vehicles.  
Details of the probe systems can be found in [9] and they were found to be suited 
to use during on-road and wind-tunnel testing, particularly the ability to measure 
the local pressure in a turbulent flow field away from a solid surface.  In the out-
door environment, the much improved durability and long-term stability compared 
to alternative methods (such as hot-wires or laser-Doppler systems) was consid-
ered very beneficial. The on-road tests were performed by driving the truck (with 
various modifications, including full side skirting almost down to the road surface) 
past banks of probes. The tunnel tests involved 3-component traverses around and 
under a one-tenth model of the truck. For each measurement point, the following 
data were recorded: u, v and w components of velocity; static pressure; reference 
dynamic pressure; temperature; and barometric pressure. As the time history of 
each variable was recorded, the turbulence intensities and Reynolds stresses were 
also calculated at each point. Details of the test methods and results for track and 
wind-tunnel environments can be found in [10]. A selected result that illustrates 
the influence of the flow changes associated with aerodynamic modifications is 
shown in Fig 9. Here the velocity vectors relative to the moving vehicle are plot-
ted (i.e. the magnitude of the freestream velocity has been removed from each 
point to allow for comparison with the on-road pass-by measurements) and are 
nondimensionalised by the freestream velocity. These measurements were for a 
horizontal plane that was equivalent to 250mm (in full scale) above the road sur-
face. 
 

 
Fig. 9 Velocity vectors, resolved in the horizontal plane and relative to a moving vehicle, at 
equivalent road elevation of 250mm, adapted from [10]. Data taken from a one-tenth scale model 
of the full-size truck. 
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5. Discussion 

The rapidly changing velocity field alongside trucks is apparent and highlights 
the need for instrumentation with a high frequency response when utilizing the 
pass-by method of testing. From the track tests [10] the addition of skirts was 
noted to reduce the local pressure alongside the truck and to also reduce the veloc-
ity in the same area. This reduction and modification in the velocity is seen in the 
tunnel results above and most noticeable is the reduction in lateral air velocity 
components in the area between the rear of the cab and the front of the trailer face 
when a cabin mounted add-on aerodynamic device (AOA) was fitted.  This flow 
modification when (correctly matched) AOAs are used on trucks hauling rela-
tively high loads is considered to offer significant benefits. From the track work it 
was seen to prevent the spray from being ‘carried along’ with the truck.  From a 
combination of the tunnel and track work, the reduction in lateral flow emanating 
from the drive wheels could clearly be seen to reduce the spray in this region.    

Although not part of the spray testing program it is instructive to consider  
Fig. 10. This aerial photograph shows a “road train” on a dry dirt road in the 
Northern Territory of Australia. Whilst the vehicle has no aerodynamic device and 
a quite different cabin to the vehicle in the spray tests, the visualization by the dust 
clouds offers insight into the flow field.   

 
 
 
  

 
Fig. 10 Dust flow visualization from a cattle road train 

 
Several features are evident. The flow to either side of the vehicle is not sym-

metrical – in either a transient or time-averaged manner. It appears that there is a 



400      Simon Watkins 

slight crosswind component of the atmospheric wind causing a significantly larger 
wake on the leeward side of the vehicle. This emphasizes the need for averaging 
even on days of relatively low winds. Secondly some of the flow below the stag-
nation point on the trailer front face is deflected down and into the gap between 
the cabin rear and the trailer, where some flow emerges laterally in the vicinity of 
the drive wheels – this is evidenced as the dust-free flow in this area. Prior work 
has established that the drive wheels are a major source of spray and the lateral 
flow at this point will cause the spray from the drive wheels to be laterally de-
flected across the areas to the left and right of the truck and into the line of sight of 
the passing motorist.  

5. Conclusions and Recommendations 

The spray-measuring system has been shown to be able to repeatably measure 
truck-induced spray. Although there were no major variations in ambient condi-
tions during testing, the results indicate that the system effectively averages results 
to reduce the effects of varying ambient conditions, particularly cross-winds. 

The results obtained from track testing include a measure of the overall spray 
cloud density, a picture of the distribution of spray within the viewable area and 
an indication of the variation of spray density as would be seen by a passing mo-
torist. The spray-measuring system could also be used to measure the extent of 
other particle clouds, such as diesel or industrial exhaust smoke, with minor modi-
fication. 

The road and tunnel flow field measurements enabled new insights into the 
low-level flow field which is considered to be an important “driver” for the spray 
generated by trucks on wet roads.  In particular it was noted that the lateral flow 
was considerable when there was no AOA cabin-mounted aerodynamic device for 
a truck hauling a high load (but less so when trailer skirts were fitted). The work 
demonstrated the correct use of cabin devices can reduce the displacement of 
spray laterally and into the potential path of any passing vehicle. It has also been 
shown on several occasions that both the skirts and cabin-mounted devices reduce 
drag of trucks via wind-tunnel and road tests [e.g. 12]. Thus the use of correctly 
matched cabin-mounted devices will not only reduce drag; they will also reduce 
the lateral flow that drives spray from wet roads into the areas of concern for pass-
ing motorists. This offers the trucking community an added bonus that will result 
in enhanced opinions from the passing motorists. 
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Abstract   A novel laboratory apparatus has been built to understand the key 
mechanisms behind spray emerging from a rolling tire. Water leaving the tire from 
a single circumferential groove is analyzed using high-speed imaging. Visualiza-
tions reveal the formation of thin sheets of water connecting the roadway and the 
tire that eventually break into a droplet field. It is proposed that sheet breakup is 
the result of hydrodynamic instability. There is a preferred wavelength for distur-
bances on the sheet. After breakup, this preferred wavelength is preserved in slen-
der ribs (or ligaments) that continue downstream until they disintegrate into drop-
lets. Weber numbers based on the water density, tire circumferential speed and 
groove width vary in the range 1,900 – 60,300. The transition from sheet to spray 
is accelerated with increasing Weber number. Farther downstream, it is shown that 
droplet size and velocity distributions can be quantified as a function of Weber 
number. 

1 Introduction 

Tires moving through standing water create splash and spray which can de-
crease visibility and prove hazardous for other vehicles. Spray is defined here as 
water that has been forced through the tread pattern in the tire patch (contact patch 
between the tire and the pavement), thus, “processed” by the tire. 

Our visualizations show that tires produce water spray as a result of the forma-
tion and breakup of thin sheets of fluid. An example spray image is shown in  
Fig. 1.1, taken using a laser sheet for illumination (∼10 nanoseconds exposure 
time). The tire on top (in the image) has a single rectangular circumferential 
groove 11 mm wide by 5.6 mm deep. The bottom tire has no groove. The periph-
eral speed of the tires is about 12 m/s, and the volume flow of water delivered up-
stream of the tire contact patch is just sufficient to fill the circumferential groove. 
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Fig. 1.1 Spray image using laser sheet illumination (∼10 ns pulse time) 

The laser illuminated image contains bright, irregular regions containing water 
that has left the circumferential groove. These irregular regions appear attached to 
the tires by ligaments and by thin sheets of water occupying the regions between 
the ligaments. There are breaks in the sheets and the smallest droplets appear to 
form along these rupture boundaries. Referring to the water leaving the circumfer-
ential groove as the central “jet,” the droplet formation process appears to be the 
combination of the instability and breakup of this central jet and the breakup or 
tearing of the thin sheets connecting the central jet to the tires. 

Downstream from the contact patch, the spray ultimately disintegrates into a 
droplet field.  Information on the distribution of sizes and velocities of these drop-
lets is desired. This paper details the steps taken towards imaging and analyzing 
the spray immediately leaving the contact patch and the droplet field farther 
downstream. In brief, droplet size estimates come from counting the number of 
pixels a droplet occupies in an image. After determining the size distribution, im-
ages are “filtered” for specific size ranges and digital particle image velocimetry 
(DPIV) is used to estimate droplet velocities as a function of droplet diameter. 
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2 Description of the Experiment 

2.1 Justification for the two-tire geometry in the laboratory 

In order to correctly model a tire rolling over a wet road, the physics of the 
tire patch must be understood.  There are two reference frames applicable, as 
shown in Fig. 2.1.  In the first reference frame, an observer watches a tire roll 
along the wet pavement at a velocity Utruck. In the second reference frame, the ob-
server rides with the rotating tire and sees water coming at the tire with velocity 
Utruck. Now, using the principle of symmetry, a second tire represents the road, as 
shown in  
Fig. 2.2. This principle of symmetry and a reference frame riding with the car is 
used to model the tire/water interaction in the laboratory. 

 

  
Fig. 2.1 Two reference frames for a tire  Fig. 2.2 Using principle of symmetry, a   
rolling over wet pavement   second tire represents the pavement 

2.2 The Tire Spray Simulator 

The apparatus for studying tire spray is shown in Fig. 2.3. It consists of two rotat-
ing tires pressed together to form a tire patch, a system to deliver water at the pe-
ripheral speed of the tires and a means for visualizing spray coming from the tire 
patch. 
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Two wheels are suspended by swinging arms with tires touching. The tires (P-
175/70 R13) are pressed together to form the contact patch and are held in place 
by a spring-shock that is positioned using a stepper-motor-controlled lead screw.  
A Sensotech load cell measures the force between the tires. The left-most wheel in 
Fig. 2.3 rotates by means of a chain drive and a Leeson DC electric motor and mo-
tor-controller. The tire to the right is driven by contact at the tire patch. 

 

 
Fig. 2.3 The tire spray simulator 

Wheel speed can be set in the range 3 m/s – 25 m/s. Precise wheel speed is 
measured by counting time intervals between pulses produced by a (stationary) 
Hall-effect pick-up and a toothed ring mounted on each wheel hub.  The measured 
circumference of the grooved (g) and non-grooved (s) tires was Cg = 1778 ± 5 mm 
and Cs = 1810 ± 5 mm.  Since the uncertainty in the time interval is on the order of 
microseconds, error in the estimate of tire speed, ΔU/U, comes from uncertainty in 
knowledge of the tire circumference and is of the order 3x10-3 or less. 

Visualizations of the tire spray are captured using a video camera set to record 
at 1600 fps and 5 μs exposure time.  Recorded images are 400 by 1260 pixels in 
resolution.  The spray field can be illuminated using either a laser sheet or back-
lighting. Laser sheet illumination allows for sharp, detailed images; however, 
pixel intensity information is often lost due to camera saturation as a result of 
specular reflection of light from the water surface. A more suitable means for im-
aging, and the method used for the remaining results in this paper, is backlighting.  
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Figure 2.4 displays a side view of the experimental setup showing the orientation 
of the camera, tires, frosted (diffusive) glass and light source. 

 

 
Fig. 2.4 Experimental setup for backlight imaging 

2.3 Droplet Size Calibration 

A series of calibration images were taken to verify that droplets of various sizes 
could be identified at all locations in the image field. A syringe pump, fit with a 
21G hypodermic needle, delivered a single water droplet of a known size to the 
image field. A variation in droplet sizes was simulated by moving the camera far-
ther from (or closer to) the free falling droplet. For each image of a droplet, a 
background image was recorded just before the droplet entered the field of view.  
This background image is used to account for and to correct any non-uniformities 
in the backlighting. Figure 2.5 shows an image of the prescribed droplet paired 
with its background image. 
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Fig. 2.5 (a) Image of a freefalling water droplet (D = 2.84 mm), (b) Background image, taken 
just before the droplet entered the field of view 

Figure 2.6a shows a surface map of the image intensities recorded for a single 
droplet. Intensity values are expressed as a fraction of the average background in-
tensity. The curvature of the surface is evidence of a non-uniformly lit back-
ground. In order to correct for this gradient, a linear gain correction matrix, G(i,j), 
based on the background image was calculated and applied to the original inten-
sity map I’(i,j). Indices i and j refer to each pixel in the image field.  Figure 2.6b 
shows the gain corrected intensity map Ic(i,j). The final image used for analysis, 
I(i,j), is obtained by subtracting the average background intensity from Ic and per-
forming an inversion of the intensity map; Figure 2.6c. Equation Set 1 outlines the 
gain correction procedure. 
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Fig. 2.6 Image intensity maps for (a) the raw image, Fig. 2.7 Gain corrected and      
(b) gain corrected image, (c) gain corrected and inverted inverted image of a water droplet 
image used for analysis 
 

An example of a gain corrected and inverted image is shown in Fig. 2.7.  This 
figure has a single droplet near the center of the camera field of view. Back-
lighting transmitted through the droplet contributes to the dark spot in the center 
of the inverted droplet image (seen as a bright spot in Fig. 2.5a). Droplets can pass 
through any part of the image during a tire spray experiment. In order to verify 
that droplets are identifiable at all locations in the image, the calibration procedure 
was repeated for droplets located at the top and bottom of the image field. 

The ability to resolve droplets of various sizes was also verified. The presence 
of smaller (larger) droplets was simulated by using the same 21G syringe pump 
and moving the camera farther away from (closer to) the apparatus. At each cam-
era location, the prescribed droplet occupied a certain number of pixels.  Observed 
droplet sizes ranged from 55 to 1380 pixels in area. 

Figure 2.8 shows the intensity surface maps for four different droplet sizes at 
the top, center and bottom of the image field. This figure is a composite surface 
map with each droplet coming from a separate test. The presence of a droplet cre-
ates an intensity “mountain” with a broad base and narrow peak. The number of 
pixels retained in this mountain leads to the droplet size estimate. The black plane 
represents a cutoff threshold that determines which pixels to keep or to discard.  
Pixels with an intensity value at or above the threshold will be retained. Increasing 
or decreasing the threshold value will change the number of preserved pixels and 
subsequently alter the droplet size estimate.  
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Fig. 2.8 Image intensity maps of four droplet sizes at the top, center and bottom of an image 

Figure 2.9 illustrates the steps taken to estimate droplet size by counting the 
number of pixels a droplet occupies. Gray-scale images are reduced to black and 
white (binary) images after applying a threshold; Figure 2.9a. Pixels that are pre-
served are turned white (1) and everything else is set to black (0). Large droplets 
often allow a partial amount of light to transmit through, resulting in a “hole” at 
the center of the droplet. If a hole exists, it must be filled before counting pixels 
and determining the droplet size; Figure 2.9b. Once all droplets have been filled, 
the remaining pixels can be counted; Figure 2.9c. 

 

 
Fig. 2.9 Image processing used to determine the size of a droplet 

Figure 2.10 shows the effect on the droplet diameter estimate when various 
threshold values are used. The abscissa represents the droplet area in terms of pix-
els; the ordinate is the estimated diameter calculated using D = √(4A/ ) and the 
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appropriate mm/pixel factor for each camera location tested. The size of the drop-
let is 2.84 ± 0.09 mm in diameter, based on the average weight measured for a se-
ries of droplets. The experimental results provided in this figure clarify what 
threshold value is needed to estimate a droplet diameter within 5%, and to what 
extent various droplet sizes can be resolved with a single exposure. There is an in-
creased sensitivity to minor changes in the threshold value for smaller droplets 
since these images have fewer pixels compared to the larger droplets. For all drop-
let sizes tested, an accurate estimate of the diameter was achieved using a thresh-
old value equal to 45% of the average background illumination. 

 

 
Fig. 2.10 Droplet diameter estimates for several droplet sizes and various threshold values 

It was also observed that, in the spray plane, droplet images have a high con-
trast ratio compared to images outside of the focal plane. During the initial water 
delivery, spray may fall outside of the contact patch or create water spots on the 
frosted glass plate. These artifacts are undesirable for analysis as they are outside 
of the spray plane (the region downstream of the contact patch where the camera 
is focused). Therefore, applying an intensity cutoff threshold to the image retains 
pixels within and discards artifacts away from the region of interest. Previous 
works by Marmottant and Villermaux [1] and by Eastwood et al [2] illustrate a 
similar effort towards droplet detection and sizing. 
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3 Results 

3.1 Sheet Formation and Break-Up 

The Weber number is the most important parameter governing the formation 
of the water sheet and subsequent decay into a droplet field.  This quantity is a ra-
tio of the distorting force associated with fluid inertia to the (largely) restoring ef-
fect of surface tension (Equation 2).  The Weber number is defined using the 

A backlit image of the spray field produced at U = 6 m/s (We = 5,400) is 
shown in Fig. 3.1; the direction of flow is from left to right. The upper tire has a 
single circumferential groove; the lower tire has a buffed smooth surface. The 
field of view in this image is approximately 26.1 by 8.3 cm with the end of the 
contact patch visible on the left edge. Fluid leaving the contact patch remains at-
tached to both tires and forms a thin sheet as the tires separate. The thickness of 
the sheet was not measured directly, however, it is estimated to be on the order of 
<1 mm. There are waves on the sheet that appear as dark rib structures. These ribs 
exhibit a periodic nature, suggesting a natural instability in the fluid flow. The 
sheet ultimately breaks up into a droplet field as it moves away from the contact 
patch. 

 

 
Fig. 3.1 Tire spray pattern at U = 6 m/s, We = 5,400 

The development of the liquid sheet is sketched in Fig. 3.2, as it would appear 
at several cross planes looking upstream. The water passes through the tire patch 

width of the tire groove (h = 11 mm), the density of water (ρ = 998 kg/m3), the 
speed of the water jet (U) and surface tension for water against air (σ = 0.073 
N/m). 

σ
ρ 2hUWe =   (2) 
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inside the groove. At the downstream end of the tire patch the treads begin to 
move apart following the arc of the rotating tires, with the water exiting the tire 
patch as a jet attached to the groove on one side and to the smooth tire on the other 
side. The groove begins to drain and air flows in to fill the developing void.  
Sheets connect the jet to the smooth tire and to the water remaining in the groove.  
The jet takes on a sinuous shape (instability) as can be seen at the extreme left in 
Fig. 3.1. Farther downstream, the sheet begins to separate from the surfaces of the 
tires. As breaks appear in the sheet, the sinuous jet forms into slender ribs (liga-
ments) orientated cross-stream to the flow. 

 

 
Fig. 3.2 Expected behavior of water as it leaves the tire groove at the contact patch 

Eventually, ribs and sheets become a droplet field having a distribution of drop-
let sizes. At places where the sheet is thinnest, small droplets form along the edges 
of breaks and holes in the sheet. Where the broken sheet is thicker, the water 
within the contracting sheet is incorporated into the rib structure. Larger droplets 
are produced with the break-up of the periodic rib structure. 

The spray patterns produced from a rolling tire are dependent on the Weber 
number. As described by Lefebvre [3], the development of a liquid sheet into a 
droplet field is governed by the fluid properties and initial velocity of the flow.  
Given that the groove width and properties of water are fixed, specific Weber 
numbers are achieved through changes in the tire speed (and jet velocity). Figure 
3.3 shows images taken at We = 1,900 and 48,900.  At low Weber number (Fig. 
3.3a), the flow field is heavily influenced by surface tension as edges of the bro-
ken sheet are rapidly pulled in towards the rib structures and little or no sheet re-
mains. The majority of the droplet field at low We results from the break-up of the 
rib structures, thus, larger droplet sizes are expected. At higher Weber number 
(Fig. 3.3b), the flow is driven by the fluid inertia and more liquid remains in the 
sheets.  The breakup of these thin sheets tends to produce smaller droplets. 
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Fig. 3.3 Spray pattern variation with Weber number 

3.2 Droplet Field Size and Velocity Estimates 

Figure 3.4a is a single image from the video showing a portion of the droplet field 
produced by tires rotating at U = 6 m/s. The direction of flow in these images is 
from top to bottom. The center of the image field is one meter downstream from 
the end of the contact patch and the field of view is approximately 13 by 4 cm. 
Figure 3.4a reveals various droplet sizes as well as several “fuzzy” spots due to 
spray that fell outside of the contact patch at the start of the experiment. Figure 
3.4b shows the gain corrected and thresholded image with only droplets in the 
spray plane remaining. 
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Fig. 3.4 Droplet field at U = 6 m/s, We = 5,400: (a) raw image, (b) gain corrected and thresh-
olded image 

Figure 3.5 displays the distribution of sizes for the droplets detected in this 
video frame. A total of fifty-eight (58) droplets were detected, ranging from 0.8 to 
4.4 mm in diameter. This distribution is derived from the single image presented 
in Fig. 3.4. Statistically more reliable distributions can be built up by adding con-
tributions from multiple (hundreds of) frames. 

 

 
Fig. 3.5 Distribution of droplet sizes 

Given a distribution of droplet diameters, images can be “filtered” for specific 
droplet sizes and DPIV performed to estimate droplet velocities as a function of 
diameter.  Figure 3.6 represents a filtered version of Fig. 3.4b with only droplets 
from 1.65 to 2.33 mm in diameter shown. This image and a successive image 
taken 625 μs later were processed using DPIV to obtain the velocity vectors for 
each droplet in this size range. The DPIV process tracks the motion of a droplet by 
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cross-correlating the two images. What makes this application of DPIV different 
from the standard technique is that only regions adjacent to particle centroids in 
the first image are interrogated in the second image. This greatly increases the ef-
ficiency of the DPIV algorithm. Typical particle displacements in the image pairs 
are on the order of forty pixels. The velocity estimate for droplets in this size 
range was 6.85 ± 0.5 m/s. The two droplets presented without a velocity vector 
had moved out of the image view before the second image was recorded.  

 

 
Fig. 3.6 U = 6 m/s spray field, filtered for droplets between 1.65 and 2.33 mm in diameter 

The DPIV process was repeated for a smaller set of droplets with diameters be-
tween 1.16 and 1.65 mm. The estimated velocity for this size range was 6.15 ± 0.3 
m/s.  The spatial location, with respect to the contact patch centerline, and velocity 
vectors for these two droplet diameter ranges is presented in Fig. 3.7. A diver-
gence away from the contact patch centerline is evident by the direction of the ve-
locity vectors. This behavior is due to the tendency of water to attach to the sur-
face of a tire and the ability of a tire to carry water laterally away from the plane 
of symmetry. 

 

 
Fig. 3.7 A demonstration of DPIV results for two droplet size ranges 
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4 Conclusions 

The operation of a tire spray simulator has been demonstrated. Video of the devel-
oping spray was captured in the region just downstream of the tire patch.  From 
this video the flow was qualitatively described as a jet exiting the tire patch that 
spreads out into a sheet which spans the distance between the two tires.  The sheet, 
thickened by the central jet, is unstable and forms sinuous waves that break into a 
cross-stream rib structure. Ultimately, the entire flow disintegrates into a droplet 
field. 

A technique for isolating and measuring the size and velocity of individual 
droplets has been developed and calibrated. The ability to detect droplet sizes a 
factor of 5 different in diameter using a single exposure was demonstrated, with 
the lower limit of detection approaching 50 pixels in area. It is possible that this 
lower limit can be further relaxed. 
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Abstract   This paper combines heavy vehicle aerodynamics with environmental 
considerations. The problem of air pollution in urban environments is strongly 
connected to the emissions of local traffic. Moreover, by-pass road tunnels in 
densely populated areas use often longitudinal ventilation systems, which produce 
high concentrations at the outlet portal. An EU-LIFE project started to investigate 
the potential and the feasibility of combining dust filters with standard noise pro-
tection systems. As part of the project one application deals with the reduction of 
pollutant emissions from road tunnel portals. For the investigation of the effec-
tiveness of these filters, simulations of a simplified heavy vehicle shape were con-
ducted using Computational Fluid Dynamics (CFD). The first part of this paper 
deals with the validation of the CFD tool. Therefore, the Ground Transportation 
System (GTS) in the NASA Ames 7 feet by 10 feet wind tunnel was simulated 
and the results were compared to measurements. The second part covers the con-
siderations of the flow field induced by heavy vehicle traffic within a highway 
road tunnel equipped with filters. As a result, the amount of the volume flow 
through the filters for one complete heavy vehicle cycle is displayed. 

1 Introduction 

Many cities in the world face poor air quality in their urban environments. Es-
pecially the European Union supports activities to reduce the amount of very fine 
particles, named particulate matter. The smaller the particles are the higher is the 
risk of serious impact on human organs. Therefore the World Healthy Organiza-
tion (WHO), the European Union (EU), and federal governments released limits 
for the maximum concentration of particles smaller than 10 µm (PM10) in diameter. 
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For the member states of the European Union an exceedance of the daily mean 
threshold value of 50 µg/m³ of less than 35 days per year is allowed at the present 
time. The European Acid Deposition model system (EURAD) [5] predicts the 
concentration of PM10 over Europe. Especially, on winter days, large areas of 
Europe exceeded the daily mean limit. For example, the city of Klagenfurt which 
is located in the south of Austria, exceeded the daily mean limit on 80 days during 
the winter season between October and March. That means, nearly every second 
day the concentration of PM10 exceeded the threshold values.  
 

On the other hand, the issue of noise pollution from traffic is becoming more 
important. In the year 2006, more than EUR 85 million was invested in Austria to 
build noise protection walls near highways. Currently, about 430 km of the 
2060 km long Austrian highway network is provided with noise barriers. Further-
more, 20 % to 30 % of the total costs for new highway constructions are invested 
into noise protection systems [1]. 

 
The Virtual Vehicle Competence Center and the Graz University of Technol-

ogy started a project together with five other partners to investigate the feasibility 
to reduce the PM10 concentration from traffic sources where they originate. The 
Sound and Particle Absorbing System (SPAS) should be able to combine the func-
tions of a standard noise barrier with an integrated dust filter near streets. This pa-
per deals with the road tunnel application of the SPAS elements. The target is to 
reduce the PM10 emissions at the tunnel outlet portal with no additional effort 
than the flow energy of the traffic. 

1.1 PM10 Sources of Klagenfurt 

Based on a previous project, named KAPA GS, accomplished by the Graz Uni-
versity of Technology and regional partners in 2005, the primary sources of PM10 
emissions for the city of Klagenfurt were determined. As a result, 52 % of the 
PM10 emissions are generated by local traffic. However, only one-third of the 
traffic emissions are exhaust emissions whereas the remaining two-third are non-
exhaust emissions like brake wear, tire wear, street wear, and resuspension. 

1.2 Road Tunnel Situation 

Inside a road tunnel higher concentrations of pollutants occur because of a re-
duced dilution with fresh air compared to non-tunnel situations. Especially for 
self-ventilated road tunnels which have no intermediate air exchange all traffic 
emissions are transported to the outlet portal. Results of different dispersion 
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models by Oettl et al. [7, 8] shows the high concentration of polluted air in the en-
vironment due to emissions at the tunnel end. Even for ventilated road tunnels dis-
persion of traffic pollutants is a big issue.  

 
An advantage for the CFD calculation of a road tunnel is the constant and well 

known boundary conditions. The geometry data of the tunnel cross-section is 
known, the traffic speed is nearly constant and after a few hundred meters, inside 
the tunnel climate influences are strongly reduced. Even under snowy conditions 
the tunnel end is usually try. Nevertheless, there are also two critical points con-
cerning the tunnel application which have to be mentioned. One is the clearance 
issue of the tunnel geometry. Every additional mounted device must be within the 
clearance pro-file. The second point is the various safety regulations. The SPAS 
elements must fulfill all fire-retarding requirements as well as all durability con-
siderations.  

 
The moving traffic inside an unidirectional road tunnel generates a vehicle-

induced constant velocity. The force contributed by each vehicle depends on the 
size, its blockage ratio [4] and various other parameters such as traffic frequencies 
and pressure difference at the tunnel portals. The SPAS filters for this tunnel con-
sideration are intended to be placed at each side wall and additionally on the tun-
nel ceiling. To provide enough space for the flow, a distance of 100 mm was con-
sidered between the filters backside and the tunnel walls. This configuration was 
investigated and the volume flow through each filter was calculated. Moreover, a 
volume rate per unit length was derived with a constant traffic speed of 23 m/s.  

 
To obtain validated CFD settings, the following chapter describes the preceded 

calculation with the GTS. Later in Section 3, the CFD setup was transferred to the 
real tunnel geometry with an adapted GTS. Finally, the volume flow values for the 
SPAS filters were evaluated. 

2 Preceded CFD Calculations 

This section describes the CFD calculations which were conducted prior to the 
tunnel application. The target was to validate the CFD calculation for a similar 
geometrical setup with wind tunnel measurements. Furthermore, this preceded 
CFD simulation validates the simulation method, especially concerning the mesh 
and turbulence modeling.  
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2.1 Problem Formulation  

For the use of a generic shape for heavy vehicles the Ground Transportation 
System (GTS) was chosen which was introduced by Gutierrenz et al. [2]. The 
GTS shape is a simplified tractor-trailer configuration using a cab-over tractor de-
sign. A 1/8 scale model of the GTS was measured at the NASA Ames 7 feet by 
10 feet wind tunnel [13]. All length parameters are non-dimensionalized by the 
trailer width w = 0.3238 m. To reach a Reynolds number that is comparable to the 
full size case, high velocities inside the test section of more than 90 m/s were nec-
essary to obtain Re = 2,000,000. However, Mach numbers of about 0.28 demand 
compressible flow simulation. The basis for the CFD validation presented herein 
was the NASA experiment at run 7 point 9.  

2.2 Numerical Setup  

All CFD calculations were conducted with CD-adapco’s STAR-CCM+ V2. 
This new developed commercial code offers a fully integrated automatic mesh 
tool which provides a surface wrapper and a hybrid mesh generator. For the GTS 
calculations a trimmed mesh was deployed which is an unstructured hexahedral 
mesh with trimmed cells near the wall. To make it comparable with CFD calcula-
tions of Roy et al. [11] and to avoid validation issues concerning the wall treat-
ment, the boundary layer was fully resolved. Hence, the non-dimensional wall dis-
tance was y+ ≤ 0.5. Menters BSL k-ω turbulence model was used, because this 
configuration delivered the best results for the GTS model, as already published 
by various authors [9, 11, 12]. Refinement regions were provided at the trailer 
base and in the gap between the GTS bottom and the wind tunnel floor. For the 
wall boundaries a number of 30 prism cells parallel to the surface were employed. 
Furthermore, the mesh size on the GTS surface varied from 2 mm up to 8 mm. 
These mesh settings lead to an overall number of 21.8 million cells. Finally, the 
boundary setup for the calculation including the GTS is shown in Fig. 2.1.  

 

 

Fig. 2.1 Boundary setup for the NASA Ames wind tunnel including the GTS 

 F. Iser and R.A. Almbauer 
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2.3 Results  

The first consideration was to validate the boundary layer profile of the floor 
for an empty wind tunnel configuration. Figure 2.2 compares the profile of the 
CFD calculation with the ones based on the NASA experimental data of run 404. 
The CFD calculation provided a very similar profile compared to measured data 
and is used for further investigations.  

 

 
Fig. 2.2 Comparison of measured and calculated boundary profile for an empty NASA Ames 
wind tunnel 

The GTS calculations were run in parallel on an Opteron cluster using 
24 CPUs. The first detailed discussion of the results is dealing with the pressure 
distribution on the surface. Furthermore, Fig. 2.3 gives the surface pressure results 
for the front and base region of the GTS. It can be seen that the distribution on the 
front end conforms to measurements. However, at the trailer base, only the pres-
sure level is predicted correctly but not the pressure distribution.  
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Fig. 2.3 Comparison of measured and calculated surface pressures on the front and base of the 
GTS  

To evaluate the reason for this characteristic, streamlines were calculated and 
compared to particle image velocimetry (PIV) measurements which were also 
contributed by the NASA experiment. The trailer wake in the horizontal cut shows 
a similar profile between the CFD results and the PIV data (Fig. 2.4). Neverthe-
less, the vertical cut displays the reason for the surface pressure discrepancy. So, 
the shape of the trailer wake could not be predicted in a sufficient way by the tur-
bulence model. These findings were already discussed by Roy et al. [11].  
 

 
Fig. 2.4 Comparison of measured [10] and calculated streamlines for the horizontal cross-section 
in the middle of the GTS base  

The integration of the surface pressure field results in the drag coefficient CD. 
As a result, the drag coefficient for the GTS without the four posts was calculated 
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to CD = 0.237, which is 5.4 % below the measurement value. Table 2.1 compares 
the experimental data with the different CFD results. 

  

Table 2.1 Drag coefficient for the GTS from various sources 

 CD Error Source 

NASA Ames experiment 0.250 ±
 
0.01  [11] 

Menters k-ω 0.237 5.4 %  

Menters k-ω (Roy et al.) 0.298 ± 0.06 19.2 % [13] 
 
This presented CFD setup was used for the prediction of the flow field around 

SPAS filters inside the road tunnel, which is described in the following chapter.  

3 Road Tunnel Application  

This section deals with the application of the SPAS elements in a road tunnel 
and with the transformation of the CFD setup for a predictive task. The first sec-
tion deals with the provided heavy vehicle shape, whereas the following sections 
describe the tunnel setup and the CFD calculations, respectively.  

3.1 Ground Transportation System for the EU 

The use of a generic heavy vehicle shape is reasonable because of the cab-over 
design of European truck manufactures. To meet the requirements of the European 
legislation, the overall heavy vehicle length is limited to 16.5 m, with a width of 
2.5 m, and a height of 4 m. The original GTS’s width is 2.6 m, so it was scaled 
down to 2.5 m and automatically the height of 3.96 m was reached. However, the 
overall length was too long; therefore a section of the trailer was cut out to obtain 
the 16.5 m in total length. This modified shape is referred in this paper as the   
EU-GTS for obvious reasons.  

3.2 Road Tunnel Setup  

The chosen road tunnel, named according to the nearest village Lendorf, is lo-
cated at the highway A2 in the area of the city of Klagenfurt. The shape of the 
tunnel cross-section is rectangular and the total length is about 800 m. The de-
tailed tunnel information is summed up in Table 3.1. The tunnel is self-ventilated 
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and therefore high pollution concentrations, including PM10, can be expected at 
the tunnel outlet portal. Figure 3.1 shows the arrangement of the EU-GTS inside 
the tunnel. The coordinate system is equal to the preceded GTS calculation de-
scribed in Section 2. To avoid interactions of the tunnel portal because of the 
changing geometry, the calculated section does not include any tunnel end.  

 

Table 3.1 Detailed information for the road tunnel Lendorf 

Caption Value 
Daily traffic (for each direction, counted 2003) 15,500 vehicles 
Cars-to-heavy vehicles ratio (fleet composition, counted 2003) 83 % to 17 % 
Total tunnel length 800 m 
Tunnel cross-sectional area 47.5 m² 

Longitudinal velocity (measured in similar tunnels) 7 m/s 
Exhaust PM10 emission for the fleet 0.026 g/km 
Non-exhaust PM10 emission for the fleet 0.052 g/km 
 
 
 
 

 

 
Fig. 3.1 Arrangement of the EU-GTS inside the road tunnel Lendorf 

3.3 Computational Setup  

The computational domain was very similar to those of the GTS in the NASA 
Ames wind tunnel. However, the tunnel walls were set as no-slip walls and addi-
tional refinements were necessary to obtain a higher resolution between the SPAS 
filters and the tunnel walls. As described in section 3.1 the EU-GTS required the 
same refinement regions as the GTS which is known from the preceded simulation. 

 F. Iser and R.A. Almbauer 
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Nevertheless, some additional settings were taken embedding the SPAS filter ma-
terial:  

• Porosities for the SPAS filters cells  
• Translational Moving Reference Frame (MRF) for the SPAS filters cells  
• Higher inlet turbulence due to traffic inside the tunnel  
• Incompressible flow  
• Modified cell sizes  

 
The porosity values for the filters were measured at the Virtual Vehicle’s own 

wind tunnel. Several materials were investigated to obtain a low pressure loss. To 
consider the stationary CFD simulation, the EU-GTS stands still and the tunnel 
walls are moved with a surface velocity of the vehicle speed. However, due to the 
porosity values, the filter cells themselves allow only a flow direction normal to 
the surface (y-axis) and therefore they need an additional reference velocity com-
ponent (x-axis). These settings were made with a translational MRF approach. 
Furthermore, all end faces of the four filters were connected with the starting faces 
by using a periodic boundary condition.  

 
For the amount of turbulence at the tunnel inlet the investigation of Lindener et 

al. [6] shows turbulent intensities and turbulent length scales for heavy traffic on 
highways. These measurements were taken from non-tunnel situations and provide 
a guide value. In the work of Hall [3], who dealt with gas dispersion in road tun-
nels, the turbulence intensity and the length scale were given within 10 % and 
10 % of the tunnel diameter, respectively. As a result, a turbulence intensity 
I = 10 % and a turbulent length scale L = 0.5 m were set for the road tunnel simu-
lation.  

 
The full-scale CFD simulation with a vehicle speed of 23 m/s allowed the ap-

plication of the incompressible flow assumption. In order to consider a wind speed 
of 7 m/s in the longitudinal direction of the tunnel due to traffic drag, the intake 
flow velocity was reduced to 16 m/s to generate a resulting vehicle speed of 
23 m/s for the simulation. Thus, the longitudinal velocity generates a boundary 
layer on the walls. Therefore, all wall boundaries are resolved by 30 parallel cell 
layers. To provide similar y+-values for the EU-GTS as for the GTS, the cell sizes 
were adjusted. For example, the wall distance for first boundary layer near the sur-
face was set to 0.016 mm. The modifications of the mesh lead to 22.7 million cells 
and a y+ of approximately 0.8 for the EU-GTS surface, which was important to 
fulfill the requirements of the low-y+ turbulence model.  
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3.4 Results  

The simulation of the EU-GTS inside the road tunnel shows the impact of the 
high blockage ratio. The calculation was run on 26 CPUs in parallel for 178 hours. 
In fact, a convergent solution was reached within 6500 iterations. Again, the drag 
coefficient for the EU-GTS without the posts was calculated to CD = 0.293 for this 
road tunnel setup. Because of the missing reference point, a direct comparison of 
the surface pressure distribution between the GTS and the EU-GTS was not possi-
ble.  

 
All length values presented in this section are non-dimensionalized with the 

EU-GTS width W = 2.5 m. In Fig. 3.2 to 3.4, three cross-sections along the x-axis 
provide an understanding of the interaction between the flow field and the        
EU-GTS even far away from the vehicle shape. The cuts at x/W = 0.10, 
x/W = 1.50, and x/W = 6.68 display the positions at the front of the EU-GTS, in 
the middle of the trailer, and immediately behind the rear end, respectively. As a 
result, the tangential velocity magnitude vt represents the displacement due to the 
EU-GTS body. Furthermore, the position of the SPAS filters can be adopted due 
to these results. 

 

  

Fig. 3.2 Tangential velocity magnitude of a vertical plane cut at x/W = 0.1 at the EU-GTS front  
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Fig. 3.3 Tangential velocity magnitude of a vertical plane cut at x/W = 1.5 at the middle of trailer 

 

Fig. 3.4 Tangential velocity magnitude of a vertical plane cut at x/W = 6.68 immediately behind 
the trailer base  

Figure 3.5 shows the velocity vy which is normal to the SPAS filter surface on a 
horizontal line. This line is drawn at a height of z/W = 0.4 inside the SPAS filter 
cells of filter A. The velocity vy begins and ends at rest; therefore one complete 
heavy vehicle cycle is captured by the plot. However, vy depends strongly on the 
z/W-position.  
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Fig. 3.5 Velocity vy normal through SPAS filter A on a line-probe at z/W = 0.4  

For the prediction of the entire volume flow through the SPAS filters, the prod-
uct of filter area and vy have to be integrated. Furthermore, the volume flow was 
separated into forward and backward direction to obtain an in-flow and out-flow 
value. The notation of all four SPAS filters as well as the directions for in- and 
out-flows are shown in Fig. 3.6. To obtain the volume for 1 m length of all four 
SPAS filters, the volume flow must be multiplied by the time per meter length, 
which is the reciprocal value of the vehicle speed (Table 3.2). These calculated 
values are valid for only one EU-GTS and must be multiplied with the heavy ve-
hicle traffic. 

  

 
Fig. 3.6 SPAS filter caption and in-flow, out-flow definition 
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Table 3.2 Volume flow and volume per unit length through the SPAS filters  

SPAS Filter V´in (m³/s) V´out (m³/s) Vin/l (m³/m) Vout/l (m³/m) 
A 1.454 1.257 0.0632 0.0546 

B 1.185  0.106  0.0515 0.0046  
C 2.983 1.224 0.1297 0.0532 

D 1.488 1.096 0.0647 0.0476 

4 Conclusions and Outlook  

Local traffic contributes a significant part to bad air quality in cities. The target 
of the EU-LIFE SPAS project is a reduction of traffic emissions where they origi-
nate, and in case of a road tunnel this is at their outlet portals. Therefore, filters 
were investigated to evaluation the volume flow which can be later used to esti-
mate the effectiveness of dust filtration systems.  

 
To obtain the flow field around such SPAS filter elements, a simplified shape 

of a European-like heavy vehicle was primarily simulated inside the NASA Ames 
wind tunnel to validate the CFD-code and the appropriate settings. Then these 
findings were transferred to a self-ventilated road tunnel, where the SPAS filters 
were mounted on the tunnel walls as well as on the ceiling. As a result, the volume 
per length which flows through the SPAS filters delivered an order of magnitude 
for the further filtration effort, especially PM10.  

 
Further CFD simulations will be dealing with the influence of the exact posi-

tion of heavy vehicles driving through road tunnels. A previous parameter study, 
which was made under different conditions, provided a strong non-linear influence 
of the distance between the heavy vehicle and the tunnel wall. Moreover, detailed 
models of European heavy vehicles will result in more complex flow fields inside 
a road tunnel and will help to obtain a better understanding of the flow mecha-
nisms.  
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Abstract   Aerodynamic effects during highway passing maneuvers are still not 
well documented. To better understand these effects, a 40% car-truck overtaking 
process has been carried out in the BMW wind tunnel. As a first step, the car 
aerodynamics has been measured without the truck to establish the reference pres-
sure distribution for subsequent tests. The overtaking process has been approxi-
mated by fixing the truck model at eight stationary positions relative to the car 
model. This approximates the overtaking process as a quasi-stationary process. 
The reference calculations are performed with a new variant of 2v f−  model, the 
so-called  ζ-f model (Hanjalic et al., 2004). Furthermore, the calculations are also 
performed by using recently proposed Partially-averaged Navier Stokes (PANS) 
model (Girimaji et al., 2003, Girimaji and Hamid, 2005) in order to capture un-
steady effects more correctly compared with the unsteady RANS. Because of its 
extensive reference database, the well-known Ahmed body benchmark (25 de-
grees) was computationally investigated as an introductory case with respect to the 
comparative assessment of the RANS and PANS approaches. A validation proce-
dure for the PANS method is then conducted by computing the single passenger 
car (40% BMW model). 
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Introduction 

There are a number of publications in the field of the external car aerodynam-
ics, e.g. Baxendele et al. (1996), Makowsky and Kim (2000), Basara et al. (2001) 
etc. However, we will highlight only two, which are the most relevant for the 
work presented here. In the work of Basara and Tibaut (2002), the error of the 
steady state approach for the flows where transient effects are important, was ana-
lyzed. And in the work of Khalighi et al. (2001), the 2v f−  (Durbin, 1991) was 
successfully used to predict the unsteady wake behind a bluff body.  

This complementary experimental and computational study focuses on turbu-
lence model validation in such a complex flow situation. The model applied relies 
on the elliptic relaxation (ER) concept providing a continuous modification of the 
homogeneous pressure-strain process as the wall is approached to satisfy the wall 
conditions, thus avoiding the need for any wall topography parameter. This model 
approach represents a further contribution towards more robust use of advanced 
closure models. The variable ζ represents the ratio 2 /v k  ( 2v  is a scalar property 
in the Durbins 2v f−  model, which reduces to the wall-normal stress in the near-
wall region) providing more convenient formulation of the equation for ζ and es-
pecially of the wall boundary conditions for the elliptic function f. This model is 
used in conjunction with the so-called universal wall treatment. The latter method 
blends the integration up to the wall (exact boundary conditions) with the wall 
functions, enabling well-defined boundary conditions irrespective of the position 
of the wall-closest computational node. This method is especially attractive for 
computations of industrial flows in complex domains where higher grid flexibility, 
i.e. weaker sensitivity against grid non-uniformities in the near wall regions, fea-
tured by different mean flow and turbulence phenomena (flow accelera-
tion/deceleration, streamline curvature effects, separation, etc.), is desirable. All 
simulations were performed by using the commercial CFD software package AVL 
FIRE v8.5 (2006).  

The corresponding wind tunnel tests were performed in the full scale wind tun-
nel of the BMW Group in Munich. Both, tests on 1:2.5 scale models and on a full- 
scale cars were performed. Despite geometrical differences, the data obtained for 
both car configurations can be used for mutual comparison. The aerodynamic ef-
fects during highway passing maneuvers are still not completely understood. To 
better understand these effects, a 40% overtaking process has been planned in the 
BMW wind tunnel, Fig. 2. As a first step, the car aerodynamics has been measured 
without the truck to gain the reference pressure distribution for subsequent tests, 
Fig. 1. This simplification to a 40% model is acceptable and no significant dis-
crepancies to full scale pressure field are to be expected. This is in accordance 
with Széchényi (2004), Yamamoto et al. (1996). This simplified configuration has 
been chosen to be capable to extend the measurements in a second step to overtak-
ing processes which have been approximated by eight stationary relative positions. 
By doing so the unsteady overtaking process has been simplified to a set of 
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stationary process. In the present work only the flow past a single passenger car 
configuration (40% model) was considered. 

Experimental Details 

The 40%-model was equipped with 54 surface-mounted pressure tabs: 13 pres-
sure tabs were mounted on each car-side; 14 on bonnet, roof and trunk, see Figs. 
1-3 for their distribution at the car surface. In addition, the stagnation point pres-
sure has been acquired. The pressure tabs were wired to the car interior and con-
nected to a 64-channel PSI pressure module to measure the surface pressure distri-
bution in reference to the plenum pressure. The car model was a foam model. 
Tests have been performed at a velocity of 140 km/h, resulting in a Reynolds-
number of 9x105.  

 

 
Fig. 1 Wind tunnel configuration 

 

 
Fig. 2 Wind tunnel configuration in the case of overtaking process  
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Fig. 3 Pressure tabs distribution at the side surface 
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Computational Model 

The flow field is modeled by the Reynolds-Averaged Navier Stokes equations 
coupled with the eddy-viscosity f model equations. The continuity and mo-
mentum equations may be written as: 

 

                                                 0j
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x
                                         (1) 

                     i i j ij i j
j i j
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U UU u u

t x x x
          (2)  

where  is the fluid density, iU  is the mean-velocity vector, p  is the static pres-
sure, t  is time and ij  denotes the mean viscous stress tensor: 

                                                       2ij ijS                                          (3) 

In the above,  is the dynamic viscosity and the mean strain rate tensor ijS  is 
given as: 
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The last term in Equation (2) ( i ju u ) is the unknown Reynolds stress tensor 
which is obtained from the constitutive relation analogous to Equation (3) (Bousi-
nessq’s analogy): 
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                                           2
2
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where t  is the turbulent viscosity, ij  is the Kronecker delta and 0.5 i ik u u  
represents the turbulent kinetic energy. In the f (Hanjalic et al. 2004) model 
the eddy-viscosity is defined as:  

                                                     t C k                                                 (6) 
 

where is the velocity scale ratio obtained from the following equation: 
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 The coefficients appearing in Equations (6) and (8) take the values 0.6 , 

0.22C  and 6.0C . The complete model is given by following equations: 
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In above equations, the production of k  is given as: 
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These equations are solved in conjunction with an equation for the elliptic rellaxa-
tion function f  which is formulated by using the pressure-strain model of Spe-
ziale, Sarkar and Gatski (1991) and given as: 
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where f  goes to zero at the wall: 20

2limwall y
f

y
  and   the length scale L   

is obtained from: 
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Hanjalic et al. (2004) neglected the last term in Eq. (12) due to small values of 
4 5/ 3 0.008C C , and they  also decreased  '

2C  from the original SSG value 
0.9 to 0.65 in order to take into account the discrepancy in the definition of  in 
the log-law region. The f model is very robust and more accurate than the 
simpler two-equation eddy viscosity models (Hanjalic et al., 2004). Nevertheless, 
the model is usable for a relatively coarse mesh next to the wall but again the cell 
next to the wall should reach a non-dimensional wall distance y  as a maximum 
less than 3. The largest error is introduced when the first computational cell fails 
in the buffer region, e.g. 5 30y . Some authors have combined the integra-
tion up to the wall with wall functions. These smoothing functions which blend 
two formulations together are known as automatic wall treatment, hybrid or com-
pound wall treatment, etc. Popovac and Hanjalic (2005) proposed the blending 
formula for the quantities specified at the cell P  next to the wall as 

                                   1/
P te e                                               (14) 

                                                                                                                               
where ‘ ’ is the viscous and ‘ t ’ the fully turbulent value of the variables: wall 
shear stress, production and dissipation of the turbulence kinetic energy.  Their 
compound wall treatment was introduced under the name “Hybrid Wall Treat-
ment” in AVL FIRE due to some simplifications of the original approach. The 
original compound wall treatment of Popovac & Hanjalic (2005) includes the tan-
gential pressure gradient and convection, but here, the simplest approach is used 
which includes the standard wall function. Another departure from the original 
formulation is in the calculation of the dissipation rate as proposed by Basara 
(2006). 

The Partially-Averaged Navier-Stokes (PANS) approach is a recently proposed 
method by Girimaji et al. (2003), which changes seamlessly from RANS to the di-
rect numerical solution of the Navier-Stokes equations (DNS) as the unresolved-
to-total ratios of kinetic energy and dissipation are varied. There are two variants 
of the PANS model derived up to now, one based on the k-  formulation and an-
other based on the k-  formulation (Lakshmipathy & Girimaji, 2006). We have 
used here the first formulation where the unresolved kinetic energy and dissipation 
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equations are systematically derived from the k-  model. The model equations for 
the unresolved kinetic energy uk and the unresolved dissipation u are given as 
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where the eddy viscosity of unresolved scales is equal to  
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The model coefficients are 
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   The parameter which determines the unresolved-to-total kinetic energy ratio kf   
is defined based on the grid spacing, following Girimaji & Hamid (2005), thus 

 

                                             
2/31

kf c
                                                (19) 

 
where is the grid cell dimension and is the Taylor scale of turbulence. The 
PANS asymptotic behaviour goes smoothly from RANS to DNS with decreasing 
kf .  In the work presented here,  the parameter kf  is implemented in the computa-

tional procedure as a dynamic parameter, changing at each point at the end of 
every time step, and then it is used as a fixed value  at the same location during the 
next time step.   

Results and Discussion 

The first case used for comparisons is the Ahmed Body (Ahmed, 1984), a 
three-dimensional idealized vehicle model which represents the key benchmark 
for validation of the turbulence models regarding external car aerodynamics. This 
case allows investigation of the back slant effect on the overall drag force.  At a 
certain angle of the slant, a vortex breakdown phenomenon appears causing the 
sudden pressure drop acting on the model.  The case with the back slant angle of 
25 is calculated here as this is the angle at which all RANS models fail to cor-
rectly predict. Predicted streamlines with the -f model are shown in Fig. 4.  
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The ζ-f model predicts the complete rear part in the separation region starting near 
the top edge. There is also no separation at the front part as shown in some latest 
measurements, see Lienhart et al. (2002), and Spohn and Gillieron (2002). 
 

 
 

Fig. 4 Predicted streamlines by the ζ-f model 

In the calculations performed with the PANS, the flow attaches to the slant 
again as reported by measurements. The PANS also captures the separation at the 
front part of the body as shown in Fig. 5.  The selected velocity profiles for com-
parisons with the measurements are placed at the middle plane on the slant of the 
body at x=-0.183, -0.103 and -0.003m respectively as sketched in Fig. 6. Both the 
streamwise and normal velocity components are not captured well with the ζ-f 
model at all chosen locations. On the other hand, the PANS predicted all profiles 
very close to the measured values as shown in Fig. 7. It is important to note that 
the same computational mesh consisted of 8 million cells (an unstructured mesh 
with hexahedral, tetrahedral and prismatic elements) was used for all calculations.  

The same procedure was repeated for the BMW model, but this time using 4 
million computational cells following work of Basara et al. (2007). In that work, 
the computational domain was meshed with two grids containing 2.85 million and 
4 million hexahedral cells. Coarser grids, comprising 1.3 and 2.5 million, cells 
were also tested. The region around the car body was refined for the y+ -values of 
the wall-nearest grid cells. This was achieved by combining blocks of structured 
meshes connected with arbitrary interfaces. The finest grid provided y+ -values in 
the range of 10-30, while for other meshes y+ -values were in the range of 20-60 
and above (as shown in the work of Basara et al. 2007). The grid was optimized in 
order to allow future calculations including the truck model on relatively small 
mesh sizes. Fig. 8 shows the instantaneous vorticity as calculated by using PANS. 
This relatively coarse mesh, considering mesh requirements for the Large Eddy 
Simulation, was again fine enough that the dynamic parameter kf  depart from the 
RANS value 1, so the strong transient motion at the end of the model, was cap-
tured. The first comparisons with the measurements were made for the time aver-
aged pressure coefficient PC at the center plane of the model. At the mid part of 
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the model, the calculated pressure coefficient is over-predicted on the upper side, 
see Fig. 9.  But in general, there is a good agreement with the measured data. 
Comparing the predicted and measured pressure coefficients on the side of the car, 
Z= 0.28, as shown in Fig. 9, it is again clear that the main differences appear in the 
description of the transient wake behind the model.  Nevertheless, this was the 
main reason to introduce PANS method in the calculations of the passing maneu-
vers where the transient effects might have an important role, see Fig. 10. 

 
Fig. 5 Instantaneous velocity magnitude as predicted by PANS  
 
 
 

 

Fig. 6 Selected positions for the comparisons of velocity profiles 
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Fig. 7 Predicted mean and normal velocity components as predicted by the  ζ-f model and the 
PANS: (a) -0.183m; (b) -0.103m; and (c) -0.003m  
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Fig. 8 Predicted an instantaneous vorticity (a) and a mean pressure coefficient at the center plane 
of the model (b) 
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Fig. 9 Predicted pressure coefficient at the side plane z=0.28: (a) right side and (b) left side 
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Fig. 10 A simulated passing maneuver showing contours of velocity magnitude 

Conclusions 

Potential of a recently proposed near-wall ζ-f turbulence model as well as the 
novel PANS approach for predicting the unsteady flow and associated turbulence 
around a 40%-scaled BMW car configuration including wheels were illustrated. 
PANS calculations were superior over the unsteady RANS calculations for the 
Ahmed Body, and therefore it is expected that this might bring an important dif-
ference for the simulation of transient passing maneuvers. A dynamic update of 
the PANS key parameter, the unresolved-to-total kinetic energy ratio, seems to be 
the promising approach to improve results on employed computational meshes.  
However, the both of the methods, exhibited good agreement with available ex-
perimental database for three-dimensional wall pressure mapping covering the car 
surface.  The future work will include the simulation of the passing maneuvers 
with static meshes following presented measurements but also with moving 
meshes needed for the comparisons with the recent road measurements. 
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Abstract   Swift Engineering designs and builds high performance racecars and 
aircrafts. Techniques developed in this fast paced environment are relevant to 
transport industry. Experimental and analytical design example will be presented. 
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Introduction 

The National Research Council of Canada (NRC) has completed an evaluation 
of several prototype and commercially-available drag reduction devices for Class-
8 tractor-trailer combinations. The evaluation focused on potential reductions in 
fuel consumption based on the results of full-scale wind-tunnel tests. The follow-
ing is a summary of the results more fully presented in SAE 2006-01-3456.  

Three primary devices have been evaluated, with the combination able to re-
duce fuel consumption by approximately 6,667 liters (1,761 US gal) annually, 
based on 130,000 km (81,000 miles) traveled per tractor at a speed of 100 km/hr 
(62 mi/hr). 

Test program Summary 

The test program was run in March 2006 in the 9-meter wind tunnel of the 
NRC, located in Ottawa, Canada. This is a closed-wall, closed-return, atmospheric 
wind tunnel having a test section that is 9.14 m high, 9.14 m wide and 22.5 m 
long.  It has a maximum speed of 200 km/h (120 mi/h) and a turbulence level of 
0.5 percent. 

The tractor drive wheels sat on pads attached to the main balance below the 
tunnel floor. The front tractor wheels and the trailer bogey were floated on low-
profile air bearings to allow the balance to measure the wind-axis drag and side 
forces, and to permit the turntable to rotate up to a yaw angle of at least 13°. Both 
forces are necessary to compute the body-axis drag.  
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The installation used in this test is seen in Fig. 1. The tractor under test was a 
Volvo VN 660 provided by Robert Transport Inc. of Quebec, Canada. The trailer 
could be configured to be either 8.5 m (28 ft) or 12.2 m (40 ft) long by removing a 
section of the body. The kingpin was set for a 1.14 m (45 inch) gap between the 
front face of the trailer and the rear face of the cab. The side corners at the front of 
the trailer are rounded with a 127 mm (5 inch) radius but the top edge is square.   

 
Fig. 1 Volvo VN 660 and 28-ft. Trailer in the NRC 9m x 9m wind tunnel 

Discussion of results 

The data presented in this paper are given as the wind-averaged drag coefficient 
at 29.6 m/s (107 km/h, 65 mi/h).  The procedure for the calculation of the wind 
averaged drag coefficient comes from [6] and is summarized in [1].     

Based on the change in wind-averaged drag, the expected fuel-savings is calcu-
lated from, 

A)V(CV10x25.4)V( tD
2
t

4
t Δ=μΔ −  L/100 km  (1) 

Where A was 10.9 m2 (the value used in calculating the drag coefficients) and 
Vt was taken as 100 km/h (62 MPH). The constant in equation (1) is based on a 
transmission efficiency of 0.85, an air density of 1.225 kg/m3 and an average 
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specific fuel consumption of 0.275 liters/kW-h (0.042 US gal/hp-h) and a unit 
conversion factor of 1.072. 

It is possible to calculate the annual fuel savings realized by installing these 
aerodynamic devices for an average fleet. Average annual distances covered by 
heavy trucks are now in the range of 200,000 km (125,000 mi), but only a portion 
of this distance is covered at cruise speed. For the purposes of this paper, the dis-
tance covered at cruising speed will be assumed to be 130,000 km (81,000 mi). 
This will result in a conservative estimate of fuel-savings because these devices 
continue to provide fuel savings at lower speeds, which has been neglected here. 
Thus, the annual fuel saving is 1,300 times that for the 100 km distance given in 
equation (1). 

The standard vehicle components that were evaluated are shown in Figs. 2 and 
3. The drag and resulting annual fuel consumption changes are summarized in Ta-
ble 1.  

Table 1 Tractor Component Drag and Fuel Increments 

  
 
 

Annual fuel sav-
ings (L) 

OEM side mirrors -0.016 -938 

OEM bug deflector -0.015 -903 

OEM fender mirrors -0.010 -588 

engine cooling inlets blocked 0.000 0 

sun visor w/ roof deflector 0.001 54 

hub caps (truck & trailer) 0.002 120 

deer bumper 0.002 120 

wrap-around splash guards 0.005 292 

prototype roof deflector filler 0.014 825 

fifth wheel forward 254 mm 0.016 982 

OEM tank and cab skirts 0.027 1,596 

OEM side extenders 0.042 2,499 

OEM roof deflector 0.072 4,318 

 

)kph100(CDΔ
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Fig. 2 Common components whose drag effects were measured 
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Fig. 3 Common components whose drag effects were measured 

It can be seen that many components produce noteworthy drag and fuel 
changes. In particular, the bug deflector raises fuel consumption and the mirrors 
are also an area worth study. Mirrors have been singled out since they are a large 
source of drag that are dictated by current safety regulations. It would be possible 
to eliminate mirror drag if regulations were changed to allow video cameras to re-
place mirrors as the means of providing rearward vision. The price of the video 
system would be covered by fuel savings, and the cameras may increase safety by 
offering a larger field of view with infra-red capabilities that can penetrate fog, 
rain or darkness.  

All of the other components are beneficial, especially the standard cab-roof 
fairing, cab side extenders and tank skirts, which form the current aerodynamic 
package. The sun visor was an OEM product, its design obviously having been 
developed in conjunction with the roof deflector, so it actually produced a small 
drag reduction. This may not be the case if the sun visor is used with trucks with-
out a roof deflector.  

Eliminating the cooling flow, by covering the front grille and the lower intake 
in the front bumper, had a negligible effect on drag. This has been observed in 
several full- and model-scale tests of modern tractors. 
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Prototype hub caps consisting of solid metal disks on the outside wheels of the 
trailer and tractor showed a negligible change in drag. Recall that this test was per-
formed with fixed wheels and the effects of wheel rotation on the results are un-
known.  Furthermore, these disks could be expected to have a harmful effect on 
brake cooling.   

Another prototype considered was a panel to fill the large cut-out on top of the 
roof deflector that provides space for the trailer during sharp cornering maneuvers. 
The fuel savings from this panel are significant and it is envisioned that a simple, 
lightweight, flexible panel should be able to provide this function at low cost. 

Finally, the effect of reducing the tractor-trailer gap was studied. There are op-
erational issues to be addressed in doing this, such as axle weights, ride quality 
and turn clearance, but the potential savings are significant for no capital cost. The 
expected change in drag depends upon the original gap size. In this case, the gap 
was reduced from 1.14m (45 in) to 0.89m (35 in). If the original gap were larger or 
smaller than 1.14m, the drag reduction may be smaller or larger, respectively, than 
that measured here. A related note is that the optimum angle of the tractor roof de-
flector is partly a function of the gap size. Thus, a significant change in gap size 
should be accompanied by a re-optimization of the roof deflector. In previous 
studies an overall drag increase has been observed after significantly reducing the 
gap without adjusting the roof deflector, likely because the airflow is under-
deflected and strikes the trailer which is now closer.  

The results presented in Table 1 are application specific and will only apply 
strictly to the particular model of tractor and component tested. Nevertheless, the 
results are useful as guidelines to the expected magnitudes in similar applications. 
As an example, the deer bumper showed a slight reduction in drag, a surprising re-
sult considering its large form. This shows that a properly designed and positioned 
deer bumper can provide a drag reduction. 

The new components that were evaluated are shown in Figs. 4 and 5 and aero-
dynamic drag and fuel results are summarized in Table 2. 
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Table 2 Performance of new add-on components 

Annual fuel 
savings (L)

base drag reduction

Transtex Composite folding rear trailer deflector 0.0506 3,047

Aerovolution inflatable rear trailer fairing 0.0438 2,638

Trailer vortex strakes -0.0195 -1,174

trailer leading edge fairings

Freight Wing NXT Leading Edge Fairing wo/ roof deflector 0.0369 2,222

Manac prototype trailer leading edge fairing 0.0335 2,015

Freight Wing NXT Leading Edge Fairing w/ roof deflector -0.0019 -114

underbody drag reduction

Freight Wing Belly Fairing (low rider)* 0.0478 2,879

Laydon Composites main and rear skirts* 0.0391 2,355

Laydon Composites main skirts* 0.0376 2,264

Freight Wing Belly Fairing* 0.0367 2,210

Francis Cardolle trailer bogey fairing 0.0145 872

Francis Cardolle trailer wheel fairings 0.0078 470

gap sealing

Laydon Composite trailer nose fairing 0.0135 813

Volvo cab side extender extensions 0.0123 741

Labyrinthine truck-trailer gap seal 0.0018 110

)107(CDΔ )kph100(CDΔ

  
* Modified to fit a 40-foot trailer. 
 

The large region of separated flow at the rear of a van-style trailer is the largest 
untreated source of drag on a modern tractor trailer. Not surprisingly, this is the 
area where the greatest reductions in drag were found. Two devices were tested in 
this area, the inflatable Aerovolution and triple-panel Transtex boattails. Each de-
vice addresses the issues of access to the trailer doors, though in different man-
ners, while producing significant reductions in drag. These devices would be com-
plementary to trailer skirts, and vice versa, and the choice between them comes 
down to non-aerodynamic issues. 

The vortex generators at the rear of the trailer increased overall drag. The meas-
ured base pressure did not change, so the extra drag must be tare drag on the angle 
sections.  They were made from 51mm x 51mm aluminum angle, 914 mm long, 
installed six per side on the trailer, 30° nose up from the horizontal. Four were 
mounted on the roof in an asymmetrical arrangement about the trailer centerline.  

As has been seen before [2], a fairing on the front top face of the trailer pro-
vides little additional benefit when a cab-roof deflector is present. However, if a 
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roof deflector is not present, a leading-edge fairing can provide significant fuel 
savings, although only about half as much as a full roof deflector. This may be a 
consideration for trucks that often operate without a van trailer, for instance 
switching between flatbeds and vans, when a fixed roof deflector may increase the 
drag with a flatbed. 

Both brands of trailer skirts tested showed similar drag reductions to each other 
and to those previously reported [1, 2]. The rear skirts, behind the trailer bogeys, 
showed no reduction in drag, although they may be effective when paired with a 
boat-tail [2].  It should be noted that the skirts were not installed as prescribed by 
the manufacturers.  Ground clearance was approximately 100 mm (4 in) greater 
than normal due to the air bearings, which would decrease the drag reduction.  The 
trailer was 12.2 m (40 ft) in length instead of the typical lengths of greater than 
14.6 m (48 ft) that the skirts are designed for.  

A lower skirt provides better performance, as shown in [1]. Previously [1,2], 
skirts had been tested on an 8.5 m long trailer with results close to those measured 
with the 12.2 m trailer presented here. Thus, it is expected that trailer length is not 
a critical parameter since most of the drag reduction comes from sheltering the 
trailer bogey. 

A fairing on the trailer bogey was less effective than the skirts. This suggests 
that the skirts may also reduce the drag on the rough underbody of the trailer.  It 
would be interesting to cover the trailer floor ribs to verify this.   

The labyrinthine gap seal provided almost no drag reduction. The seal was 
made up of six 305 mm deep 17 mm thick plywood panels that were 2.44 m (8 ft) 
high. It would appear that they did not significantly block the gap flow, and only 
served to move the trailer front face closer to the tractor. The Laydon Composites 
Nose fairing provides a modest drag reduction and would be useful in situations 
where complete gap closure is not possible. Fully closing the gap is clearly the 
target to aim for, although partial closure through additional cab-extender exten-
sions is simple and still beneficial.  
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Fig. 4 New add-on components 
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Fig. 5 New add-on components 

The results obtained for the production devices were sensibly like those found 
in the development tests. The combination of: tractor-mounted gap sealing with 
the largest available side extenders, trailer side skirts and trailer boat-tailing com-
bine to provide a total drag reduction of 111.0)107(CD ≈Δ . Payback periods 
will vary based on fleet statistics, but the savings for any particular operation 
mode can be calculated with the data in Tables 1 and 2 using Equation (1). The 
critical parameters are fuel cost, device cost, annual cruise mileage and cruise 



Wind Tunnel Tests of Aerodynamic Drag-Reducing Devices for Tractor-Trailers      461 

speed. Keep in mind that while fuel savings will increase with speed, overall con-
sumption will increase by a greater amount. 

Conclusions 

Full-scale wind tunnel measurements were made on new production add-on de-
vices meant to reduce the aerodynamic drag of Class-8 tractor-trailers beyond that 
provided by the current aerodynamic package. They consisted of devices to reduce 
the tractor-trailer-gap drag, to reduce trailer underbody and bogey drag, and to re-
duce trailer base drag. 

Simple estimates of fuel consumption at steady speed on a flat road indicated 
annual fuel savings of 6,667 liters (1,761 US gallons). This estimate was predi-
cated on a cruising speed of 100 km/h (62 mi/h) and 130,000km (81,0000 miles) 
traveled annually at this speed. 
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Abstract   The research establishment has proven the potential fuel-savings for 
many devices/modifications for commercial trucks, however many of these devel-
opments remain in limited use. The primary reason that these substantial fuel-
savings are not being realized is that fleet operators have chosen not to adopt them 
in their current form. Why have roof fairings been accepted while trailer skirts ha-
ven’t? The reasoning behind the selection is logical, and often not obvious, so to 
succeed the development community must understand the environment of the fleet 
operator and respond with appropriate technology. This paper will address the 
considerations of a typical fleet operator when evaluating new technologies. A 
discussion and examples of the following issues will be given:   

1. Introduction to Robert Transport: size of fleet, typical equipment, types of 
cargo, description of routes.   

2. Operating Costs: a. Cost of installation, maintenance and operation in terms 
  of cash and lost productivity.   
 b. Weight of the device vs. cargo when the amount of pay-

ing cargo is limited by weight not volume.   
 c. How do we measure the savings from the device?  Track 

tests are expensive and relatively inaccurate and fleet 
tests can be statistically irrelevant.   

3. Operating Procedures: How compatible are the devices with current roads, 
shipping yards and loading facilities?  

4. Human Resources: There is a shortage of qualified drivers so it can be diffi-
cult to retain drivers if the technology adds to the driver’s workload, is un-
pleasant or adversely affects driver comfort.   

5. Reliability: The cost of unplanned downtime is significant, so the technology 
is expected to operate reliably, for 10 years or longer, in a variety of harsh 
conditions including extreme temperatures, wind, road salt, dust. Another 
consideration is resilience to damage caused by the drivers.   

6. Safety: Visibility and crash worthiness. 
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Abstract   Over-the-road tests have been conducted to evaluate and optimize 
sealed single and dual open aft cavity geometries for drag reduction on Class 8 
tractor-trailers. Several tractor-trailer combinations and methods were used over 
various routes in northern New York. Additional testing on the most promising 
geometries was carried out by Volvo Technology of America, Inc. at the Trans-
portation Research Center Inc. in Ohio according to the Recommended Practice 
J1321 Joint TMC/SAE Fuel Consumption Test Procedure - Type II. An over-the-
road improvement of 0.63 mpg was observed in the back to back runs in New 
York, which corresponds to an estimated fuel savings of about 10% for present 
day class 8 loaded tractor-trailers. Reported results from the SAE test indicated a 
fuel savings of 3.9% to 4.7% which is estimated to be approximately 0.46 to 0.57 
mpg based on the as tested empty tractor-trailer configurations. The optimal ge-
ometry for the sealed aft cavity was found to be 15 deg inset on the side top pan-
els, and a 7 deg inset on the bottom. It was observed during the New York tests 
that a noticeable shift in the data occurred over time, attributed to the warming of 
the fuel during the test, and this underscores the necessity for back to back run 
testing. 
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Abstract   The recent volatility of fuel prices and the potential of explicit CO2 
emission control regulations have caused aerodynamic performance to become a 
critical component of heavy vehicle development. The use of traditional computa-
tional fluid dynamics (CFD) simulation for aerodynamic drag prediction on fully 
complex production geometries has not been adopted for a number of key reasons: 
the high level of expertise required, simulation time-to-completion, and accuracy 
versus experiment. This paper demonstrates that the proprietary, Lattice-
Boltzmann based simulation method of EXA Corporation delivers valuable results 
on fully complex geometry, allowing aerodynamic optimization in the concept and 
design phase. Included is an overview of the simulation method and results for 
two fully detailed open grille Kenworth models: the T603 and T2000. Compari-
sons are made to full scale drag meter testing. Additional results are provided for 
several trailer drag reduction devices including a full gap seal, side skirts, boat tail, 
and wake boards. Advanced post-processing of the simulation results is used to 
study transient flow structures and highlight the physics involved with the drag re-
duction of these devices. 
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Abstract   The aerodynamic situation for trucks on the European market differs 
from that in North America on a number of points. Perhaps the most significant 
difference is that in Europe trucks are of the CoE configuration (Cab over Engine) 
and in North America trucks are of the conventional type with a hood. Another 
major difference is that trucks in Europe are speed limited to 90 km/h (56 mph) 
which of course means that aerodynamics as a whole has less of an impact there. 
These differences are primarily dictated by different legislations, which in turn 
have a lot of different side effects. This paper will high-light some of the differ-
ences and their impact on aerodynamics, as well as taking a look at possible future 
ideas such as: extended front or short nose, ride height adjustments, convoy driv-
ing, etc. 

1 Introduction 

Historically most trucks have been of the conventional type. But with the in-
creasing need to make transportation more effective, maximizing load at the ex-
pense of space for the driver, has predominantly in Europe, resulted in trucks with 
the Cab placed on top of the engine (CoE). All these constraints are regulated by 
legislations. These legislations are, and have been, very different in European 
compared to in North America. (There are differences in other parts of the world 
but those will not be considered here). 

Of all different legislations it is the ones concerning the length, height, width, 
weight which has had the biggest impact on the over all shape of the trucks, and 
hence the aerodynamics. But there are also differences in culture, infrastructure 
and geography which have contributed in making the detailed design of trucks on 
the two continents different. 
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2 Length 

The regulation which has most impact on the over all design is the one regard-
ing the length of the vehicle. In Europe all lengths, depending on truck-trailer 
combination and depending on country, are measured from the most forward point 
to the most rearward point of the whole vehicle. In North America length regula-
tion does not restrict the total over all length in the same way (see Fig. 1). This is 
the reason why, in Europe the cabs are of the more compact so called CoE type 
and in North America they are of the conventional type with a hood. A conven-
tional truck is aerodynamically better than a CoE. For example the difference be-
tween a CoE Volvo and a conventional Volvo is of the order of around 0.05 in CD. 

 
Fig. 1 Different ways of measuring length  

When it comes to the cab shape itself this constraint has meant that for a truck 
OEM in Europe you are left with a fairly limited number of parameters you can 
work with, for example: Windscreen rake, corner radii, wedge angle, roof shape, 
underside. And the freedom to work with these parameters is very limited. On one 
hand you have the length and width regulations and on the other hand you have a 
constantly increasing need for interior volume and packaging space for all 
components inside.  

Normally there is little extra room to work with on the lower part of the front 
when it comes to shape, as it is very packed with cooling unit, head lamps, washer 
liquid bottles etc. All European trucks are also fitted with so called dirt deflectors 
on the lower corners. If these dirt deflectors are aerodynamically beneficial or not 
depends on both the design of the detail itself as well as on the design of the cab in 
this area.  

 The main priority is to ensure enough corner radius to make the flow stay 
attached. The part on the lower part of the truck which allows for the biggest room 
for modifications is probably the bumper/spoiler/underside.  

The area where there is still a little bit more freedom to work with is the roof 
shape and windscreen angle, in other words, the top of the cab. The trend however 
is that the cab sizes, the height of the cabs, are getting higher and higher, due to 
increasing need for interior volume. Even here there will be less and less to work 
with. 
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As conventional trucks are less restricted in lengths there is more room for 
design changes on them compared to a CoE truck. 

Another indirect effect of the different type of length legislations is the size of 
the gap between the back wall of the cab and the front face of the semitrailer. Due 
to the over all length regulation this is kept to a minimum in Europe to ensure as 
much loading capacity as possible, while still maintaining full mobility between 
cab and trailer. In North America these gaps are usually much bigger, sometimes 
up to three/four times bigger. And not surprisingly big gaps have a major negative 
impact on the CD-value (see Fig. 2). 

 

 
Fig. 2 Importance of gap for fuel economy. Tested on a Volvo VN ½-scale model truck + trailer 
during tests in the Volvo wind tunnel (PVT) in Gothenburg 

3 Height 

In Europe there are a lot more variations in the total height regulation, from 
country to country than in North America, and it can differ with as much as 1 m. 
This has led to that adjustable roof fairings are more or less standard on all Euro-
pean trucks. An adjustable roof fairing requires roof fairing setting instructions. In 
Fig. 3 one example of such a setting instruction can be seen. The user measure the 
distance between the rear wall of the cab and the front wall of the trailer (G), and 
the vertical distance between the top of the trailer and the top of the cab (H=H1-
H2). These numbers are then put in the table, and the appropriate fixing in the ad-
justment details can be found.  
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Fig. 3 Roof fairing setting instruction. Example from the Driver Handbook [1]  

4 Width 

There is one standard over all width in North America, 2.59 m. In Europe there 
are three; 2.50, 2.55 and 2.60 m depending on country and on type of transport. In 
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Europe the width of the cabs are made as close to 2.50 m wide as possible in order 
to maximize the interior volume. In North America the cabs are usually made a bit 
narrower to ensure easy ingress and egress to the cab. 

5 Speed 

One regulation which has a big impact on aerodynamics, but perhaps not so 
much on the actual design of the trucks is the speed. In Europe trucks are elec-
tronically limited to 90 km/h (56 mph), whereas in North America considerably 
higher speeds are common. During our tests the drag becomes Reynolds number 
independent at just over 4*10^6, equivalent to a speed around 70 km/h (see Fig. 
4).  

The higher speeds in North America means that aerodynamics account for a 
larger part on the over all fuel consumption and the over all cost for the truck 
owners. 

 

 
Fig. 4 Reynolds number effects. Each line corresponds to a different ½-scale model truck con-
figuration tested at different speeds in order to investigate the Reynolds number effects. Refer-
ence length is the square root of the projected frontal area 



474      L. Hjelm and B. Bergqvist 

6 Trailer 

It’s not only the tractors that are different, so are the trailers. The vertical cor-
ner radii are well rounded in North America while they have sharp or angled cor-
ners in Europe. But because the gap is smaller in Europe the side fairings on the 
cabs can be fitted fairly well with the trailer so they somewhat reduce the bad ef-
fect of having sharp corners. 

The underside of the trailers are usually quite different, in North America the 
undersides are usually flat and “empty” whereas in Europe they have beams and 
are also usually fitted with tool boxes, spare wheels etc. And for safety reasons 
trucks in Europe have to have under run protections around all sides of the vehi-
cle, even on the trailers. These things help to reduce the CD because they all act a 
bit like chassis fairings on the trailer. 

7 Future 

The CD for a CoE truck-semitrailer combination today is somewhere around  
0.6 – 0.65. Unfortunately this number will not decrease much unless the legisla-
tion and trucking/truck transport business change. The aerodynamic evolution is 
getting closer and closer to the flat part of the development curve when it comes to 
basic cab shape for CoE – trailer combination. In Fig. 5 the aerodynamic devel-
opment of a number of different CoE Volvo truck models from the seventies up 
until today can be seen. 

 

  
Fig. 5 Aerodynamic development of CoE Volvo trucks. F10/F12 is a model from the seventies 
and the FH is the current model 
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Once a good cab shape is achieved, and roof fairings, side fairings and chassis 
fairings are fitted, the easy gains have been achieved.  

In order to reach significant improvements the trailers have to be worked with, 
or ultimately, treat a tractor trailer combination as one unit.  

However there are still some potential areas on the cab and perhaps the most 
interesting one is the so called; Crash zone, or Soft nose, on CoE (see Fig. 6). Due 
to safety reasons, discussions have been going on in Europe about introducing an 
extension of the front face below the wind shield of around 300 mm. This should 
act as a deformation zone to protect or to minimize injuries to pedestrians, bicy-
clists and other traffic. Such a “nose” could of course provide a chance to design 
the front of the truck more aerodynamically efficient. Some initial tests have 
shown that there seems to be a non negligible potential. The main problem for in-
troducing this seems to have more to do with administration than with anything 
technical. To define the technical specifications for a deformation zone, and to 
avoid that this extra volume is not used to package “hard” things is the problem. 

 

 
Fig. 6 Examples of “Crash nose" or “Soft nose”. Front face of the truck below the windshield ex-
tended approximately 300 mm forward. 

The mirrors are another potential area for improvements. It is clear that it 
would be beneficial if they could be replaced by cameras. However, in some cases 
where flow separations occur at the A-pillar, the mirrors work as guiding vanes, 
directing the flow around the A-pillar so that the net drag of the truck actually de-
creases when the mirrors are added. In order to get a good benefit from replacing 
the mirrors with cameras, the cab has to be designed in such a way that separations 
are avoided at the A-pillars. 

In North America the length legislations has recently changed to allow for an-
other 2 or 4 feet of extra length at the rear of the trailer in order to make it possible 
to put add-on devices there. This extra length is to be used for fuel saving reasons 
only, not to store extra cargo. This of course opens a big potential for reducing the 
CD. But the problem is that such a device easily gets in conflict with the rear door 
openings. Therefore a device like that needs to be made practical for the user, if it 
is ever going to be used.  
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Another feature on trucks, which have a big impact on aerodynamics, are the 
gaps between the bodies of tractor-semitrailer combinations and rigid-trailer com-
binations, which are necessary for the vehicle to be able to maneuver. 

In fact, the usages for trucks are very different between when they are driving 
slowly/standing still, and when they are driving fast. It could be said that they 
have two modes; One when driving slow/standing still (when all the flexibility to 
maneuver in confined spaces is needed, during loading/unloading, and often good 
ground clearance is needed for curbs or when driving on and of ferries). The sec-
ond mode is when driving at high speed (on a road when only a very small ma-
neuverability is needed, and if the road is even and smooth very little ground 
clearance is needed). One idea could therefore be to make use of this and in some 
ways alter the shape/configuration between these two modes at a predefined speed 
for example.  

One example is to have a coupling which can be shortened once you are on a 
motorway to decrease the gap between the different bodies in order to reduce the 
drag contribution from such gaps (see Fig. 7). 

 

 
Fig. 7 Adjustable length of coupling  

Another example could be the ride height of the vehicle; it could be lowered 
once you have reached a certain speed (see Fig. 8). You do not drive very fast on a 
bad or uneven road. This requires that the truck is equipped with air suspension on 
all axels, which only a limited number of trucks have today. 

 

 
Fig. 8 Adjustable ride height  

Inflatable gap-fillings between the rear wall of the cab and front face of the 
trailer is another idea. Iveco has shown that, as well as an inflatable boat tailing on 
one of their concept trucks [2, 3]. 

More and more trucks today are equipped with ACC (Adaptive Cruise Con-
trol), which makes it technically possible to drive very close behind another truck 
in order to make use of the aerodynamic benefits of moving in a close convoy. But 
to make that a reality the safety aspects have to be solved. 
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8 Conclusions 

No doubt there is a huge potential to reduce the CD on trucks. That has been 
shown by countless tests and simulations as well as by a number of concept trucks 
over the years. But in order to make a reality out of that, the trailers have to be 
worked with in one way or another. 

That the trailers stand for a majority of the drag of a truck on the road is com-
mon knowledge. During the years a lot of resources have been spent on finding 
devices, shapes and solutions which will work aerodynamically. So the main prob-
lem is not how to make a truck more aerodynamically efficient, because we have 
good knowledge of that today, the real challenge lies in finding practical, robust, 
economic, low maintenance and not to forget, aesthetic solutions which will work 
in real life situations. 

In order for that to be a reality, truck OEM:s, trailer OEM:s as well as the end 
customers need to find ways to cooperate more closely. 
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Abstract   Extensive knowledge exists in the testing of 1/8th scale, Class 8 tractor 
trailer models within fixed floor wind tunnels. This size of model has proven to 
correlate well with in a Reynolds number ranging between 1M and 6M.  Prior test-
ing is well documented on a Generic Conventional Model (GCM) in the NASA 
AMES 7x10ft and 12ft wind tunnels. Within this prior research into Heavy Vehi-
cle Aerodynamics, it has been identified on numerous occasions that improved ac-
curacy will allow for greater understanding of the flow field structure in the un-
derbody and internal flow regions. The aim of this paper is to summarize the new 
research conducted at the Auto Research Center (ARC), a 50% rolling road scale 
wind tunnel facility in Indianapolis, Indiana. ARC has tested a rolling road 1/8th 
scale tractor trailer at 50m/s constant dynamic (approximately 1M Re). The model 
features fully articulated suspension & axle systems, engine bay detail for internal 
flow simulation, realistic radiator blockage, and an automated model motion sys-
tem capable of controlling the model in roll, heave, pitch & yaw.  To remain con-
sistent with the previous testing conducted by NASA AMES, a replica of the 
GCM tractor and trailer shapes were used for the upper aerodynamic surfaces. The 
test objectives initially included a demonstration of correlation between the ARC 
and NASA wind tunnels with the rolling road switched off.  This baseline is then 
compared to data obtained with the rolling road on, allowing the impact of 18 ro-
tating wheels & tires on the flow structure to be visualized and analyzed.  Further 
studies are presented on the effects of improved detail in the underbody regions, 
and on the effects of internal & cooling flows as applied to the GCM model. Fu-
ture work at ARC will use detailed cab bodywork for analysis of specific OEM 
tractors & trailers. 
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