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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. 
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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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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. 



Aerodynamic Improvements and Associated Energy Demand Reduction of Trains      223 

 
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. 



 

 

230      A. Orellano and S. Sperling 

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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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. 



A Study of the Influence of Aerodynamic Forces 
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 

0, =jju  (1) 
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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) 
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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. 
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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. 



266      

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%. 
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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.  
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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. 
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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. 

 



280      

 
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. 

   G.M.R. Van Raemdonck and M.J.L. van Tooren 
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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 
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=γ  is the ratio of specific heats, and R is the specific gas constant. The 
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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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