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Abstract

Steady-state Reynolds Averaged Navier-Stokes (RANS) simulations are presented for the three-dimensional flow 

over a generic tractor trailer placed in the Auburn University 3ft- by 4 ft suction wind tunnel. The width of the 

truck geometry is 10 inches and the height and length of the trailer are 1.392 and 3.4 times the width, respec-

tively. The computational model of the wind tunnel is validated by comparing the numerical results with the da-

ta from the empty wind tunnel experiments. The comparisons include the boundary layer properties at three dif-

ferent locations on the floor of the test section and the flow angularity at the beginning of the test section. Three 

grid levels are used for the simulation of the truck geometry placed in the test section of the wind tunnel. The 

coarse mesh consists of 3.4 million cells, the medium mesh consists of 11.2 million cells and the fine mesh con-

sists of 25.8 million cells. The turbulence models used for both the empty tunnel simulations and the truck ge-

ometry placed in the wind tunnel are the standard Wilcox 1998 k-ω model, the SST k-ω model, the standard k-ε 

model and the Spalart-Allmaras model. The surface pressure distributions on the truck geometry and the overall 

drag are predicted from the simulations and compared with the experimental data. The computational predic-

tions compared well with the experimental data. This study contributes a new validation data set and computa-

tions for high-Reynolds number bluff-body flows. The validation data set can be used for initial assessment in 

evaluating RANS models which will be used for studying the drag or drag trends predicted by the baseline truck 

geometries. 

Introduction 

The trucking industry is the backbone of the freight transportation system in the United States. According to 

2003 data collected by the U.S. Department of Energy [1], there are approximately 2.2 million tractor-trailers 

operating on U.S. highways. These vehicles average 62,900 miles traveled per year at fuel consumption rate of 

5.2 miles/gallon, resulting in an estimated consumption of 26 billion gallons of diesel fuel per year. With current 

diesel fuel costs near $3.00/gallon, this translates into an annual cost of $80 billion. In addition to the high costs 

ASME Journal of Fluids Engineering, 2009

mailto:veluris@vt.edu


 2 

associated with transporting goods, the U.S. produces only 40% of the oil supplied to refineries. The remaining 

60% is imported from other countries, with nearly half of all imports coming from the Organization of the Petro-

leum Exporting Countries (OPEC).  

At typical highway speeds, roughly 60% of the truck engine’s energy output goes to overcoming aerodynam-

ic drag [2]. This is due to the fact that aerodynamic drag increases as the square of the vehicle speed, while the 

rolling resistance between the tires and the road increase linearly with the speed. Because it is such a large por-

tion of the engine energy output at highway speeds, reductions in aerodynamic drag can significantly reduce the 

vehicle’s fuel consumption. For example, a 25% reduction in the aerodynamic drag translates into a roughly 

10% decrease in fuel consumed. When applied across the entire trucking industry, a 10% increase in fuel effi-

ciency would save 2.6 billion gallons of diesel fuel per year, or approximately $8 billion. To put these numbers 

in perspective, if we account for the fact than only approximately half of every barrel of crude oil is used to 

make diesel fuel, the U.S. imported the equivalent of 37 billion gallons of diesel fuel from OPEC in 2003 (near-

ly half of all U.S. imports). In addition to the economic impact and the implications on oil imports, increases in 

fuel efficiency also translate directly into reductions in pollution emissions and are thus more environmentally 

friendly.  

There have been a number of studies which have examined the aerodynamic drag on tractor-trailers. In the 

1970s and 1980s, the majority of this work was experimental in nature. A recent review of this work was pre-

sented by Cooper [3] who used both full-scale and sub-scale truck experiments to study the effects of various 

aerodynamic drag reduction devices for both the tractor and the trailer. More recently, researchers have also ap-

plied modern computational fluid dynamics (CFD) tools to study the aerodynamic drag of tractor-trailers. A re-

cent DOE consortium has focused on both experimental methods and computational approaches to study the 

aerodynamic drag problem for trucks.[2] Their study resulted in high quality experimental data at near full-scale 

Reynolds numbers on two different geometries: the simplified Ground Transportation System (GTS) model [4] 

and the more realistic Generic Conventional Model (GCM) [5]. The simplified GTS model is an approximately 

1/8 scale, class-8 tractor/trailer configuration which do not have any truck features on it with a smooth com-

bined surface of the tractor and trailer (Figure 1). GCM is the representative of the class-8 tractor/trailer with the 

engine in front of the cab. The tractor geometry is the streamline-shaped representative of a modern tractor de-

sign without most of the small scale surface details. For this model, the tractor-trailer gap is present, but no un-

der-carriage of the tractor or trailer are present which are replaced by a flat surfaces and also include the portion 

of the wheels below the tractor/trailer lower surface. The experiments were designed with the dual purpose of 



Paper No. FE-08-1377, Veluri 3 

evaluating drag reduction devices and also providing a high-quality experimental database for the validation of 

the CFD models. The primary modeling uncertainties are related to the choice for the turbulence model. The 

DOE consortium has examined the Reynolds-Averaged Navier-Stokes (RANS) approach, where all of the tur-

bulent scales are modeled [6]-[8], and Large Eddy Simulation (LES), where the smaller turbulent scales are 

modeled but the larger scales resolved [9]. 

Much has been learned in the last 30 years of research on aerodynamic drag reduction for tractor-trailers. Re-

ductions in aerodynamic drag are generally reported in terms of the drag coefficient  
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or possibly the wind-averaged drag coefficient, which accounts for variations in wind velocity and direction (see 

Ref. [3] for details). In the expression for the drag coefficient, D is the total drag on the truck, V∞ is the free 

stream velocity, ρ∞ is the free stream density and S is the frontal surface area of the truck. Drag reduction tech-

niques such as cab side-extenders and cab roof air deflectors are commonly found on today’s tractor-trailers and 

have resulted in wind-averaged drag coefficient reductions of up to 0.25 from the baseline value which is near 

unity. More advanced techniques such as tractor-trailer gap seals and trailer side skirts are less commonly seen 

on U.S. highways, but also can provide significant drag reduction. The remaining region where almost no drag 

reduction devices are found in use is the trailer base (immediately behind the trailer). This region is not aerody-

namically efficient as compared to typical aerodynamic shapes (airfoils, tear drop shapes, etc.). Storms et al. [5] 

have shown experimentally that adding boat-tail plates or base flaps can further reduce the wind-averaged drag 

coefficient by 0.06; however, these add-on devices for the base region are not optimized configurations.  

One way to optimize the drag reduction devices is to use CFD within some type of optimization strategy. 

This approach requires that the CFD tool be able to accurately predict the drag, or at least accurately predict the 

trends in the drag as the device is changed. The turbulence modeling approach that has the potential to produce 

the rapid turn-around time for drag reduction predictions is RANS, probably with wall functions used to allevi-

ate the extremely fine wall spacing associated with integration of the turbulence modeling equations to the wall. 

The RANS turbulence modeling approach has been shown to accurately predict the drag for baseline configura-

tions (i.e., without add-on base drag reduction devices); however, the details of the time averaged vortical struc-

tures and base pressure are very different from those found in experiment [6]. Because the details of the time-

averaged flow are not correct, it is unclear whether RANS methods will accurately predict drag or even drag 

trends when drag reduction devices are included. More sophisticated turbulence modeling approaches such as 
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LES do appear to more accurately capture the details of the flow [10], but will be much too expensive to use as 

the primary aerodynamic prediction tool in a drag optimization strategy.  

There are a number of open questions related to aerodynamic drag on tractor-trailers. For example, it is not 

clear what the theoretical minimum drag coefficient is for a tractor-trailer. Standard aerodynamics packages 

found on U.S. trucks have a wind-averaged drag coefficient of ~0.7, while Ref. [3] indicates that additional 

proven technologies can further reduce this drag coefficient to ~0.55. The most sophisticated modeling approach 

amenable to a design optimization process requiring a large number of solutions is the steady-state RANS ap-

proach. However, the ability of RANS methods to accurately predict drag and/or drag trends has not been prov-

en. Furthermore, it is unclear if add-on drag reduction devices can be designed on simpler shapes than full-

blown tractor-trailers. Finally, even if significant advances are made in aerodynamic drag reduction, how can we 

ensure that the resulting designs will be cost effective and see wide-spread use by the trucking industry? 

Program Overview 

Our research efforts on tractor-trailer aerodynamics are funded by the U.S. Department of Transportation and 

focus both on reducing fuel consumption (as discussed in detail above) and improving highway safety. Tractor-

trailers can produce locally strong unsteady wind conditions that can be hazardous to smaller vehicles. The ulti-

mate goal of this program is to use optimization methods to design add-on devices which reduce aerodynamic 

drag while at the same time reduce the large-scale fluctuation intensity in the vehicle wake. With increases in 

computing power, it is now becoming possible to use CFD as the aerodynamic prediction tool in a design opti-

mization process. Part of our current research program is to demonstrate this CFD-based optimization capability 

[12]. The other aspect of current program is to examine the validity of RANS-based turbulence models for pre-

dicting drag (or drag trends) for tractor-trailers with add-on drag reduction devices. This aspect of the program 

includes both wind tunnel experiments and CFD analysis of simplified tractor-trailer geometry, and is the sub-

ject of the current paper. Various turbulence models run during the CFD analysis of the truck geometry in the 

wind tunnel are mentioned in Table 1. 
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Table 1. List of CFD simulations performed 

CFD Simulations Turbulence Models Grids Used 

Empty Wind Tunnel 
k-ω 

SST k-ω 

Coarse Grid ( 1,569,182 cells) 

Fine Grid ( 4,643,435 cells) 

Truck in Wind Tunnel 

Spalart-Almaras 

k-ε 

k-ω 

SST k-ω 

Coarse Grid ( 3,385,287 cells) 

Medium Grid ( 11,179,943 cells) 

Fine Grid ( 25,833,079 cells) 

 

Experimental Facilities 

Tests were conducted in the Auburn University 3ft × 4ft test section closed circuit wind tunnel capable of 

producing a maximum speed of 200 ft/s. Two types of wind tunnel truck models, each model consisted of a trac-

tor and a trailer, were made from balsawood reinforced with hardwood. The first model was finished with sever-

al layers of flat black paint for flow visualization purposes is shown in Figure 1. The same model was later used 

for the drag measurement. The second model was built for surface pressure distributions measurement. This 

model is equipped with 219 pressure taps, with 84 taps located on the tractor. 0.04 inch thick sandpaper was 

placed on the nose of the pressure model in order to obtain fully turbulent flow on the surface of the model. The 

schematic of the truck in the wind tunnel is shown in Figure 2. 

Simplified Tractor/Trailer Geometry 

The simplified tractor/trailer geometry was based on the Modified Ground Transportation System (MGTS) 

geometry developed by Hammache and Browand [11]. The simplified tractor/trailer geometry tested at Auburn 

University is a combination of a tractor with forward corners rounded to prevent flow separation and a rectangu-

lar trailer. The computational geometry of the simplified tractor/trailer placed in the wind tunnel test section is 

shown in Figure 3. The width of the trailer is 10 inches and the height to width ratio is 1.392. The length to 

width ratio of the trailer is 3.4, (this is a shorter trailer when compared to the actual trailers on road). A shorter 

trailer had to be used for the simulations due to the limitation of the test section length in the experiments. The 

target conditions are at Reynolds numbers greater than 1 million based on the trailer width since the drag and 

wake properties are independent of Reynolds number in this range [5]. There are six streamlined posts of height 

4 in each on which the truck model stands. The height of the posts was chosen after conducting the empty tunnel 
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simulations and predicting the boundary layer height on the floor of the test section. It is desirable to know the 

boundary layer height on the floor of the test section to determine the position of the truck relative to the test 

section floor. In the case of truck on road, there will be no boundary layer developed on the road. In the compu-

tational simulations and the experiments, a moving ground plane is not employed. Considering the boundary 

layer developed on the floor of the test section and the bottom of the truck, a certain distance needs to be main-

tained between the truck bottom surface and the floor of the test section such that the boundary layers will not 

merge. The merging of the boundary layers leads to a fully developed flow under the truck and will affect the 

wake structure behind the truck. 

Computational Fluid Dynamics Code 

Mesh Generation 

The Gridgen [15] grid generation tool is used for meshing the simplified tractor/trailer geometry and the 

empty wind tunnel. The wind tunnel surface geometry is found by taking measurements of the Auburn Universi-

ty wind tunnel and the surface definition is imported into Gridgen. Two different meshes levels are considered 

for the empty wind tunnel. The coarse mesh has approximately 1.5 million cells and the fine mesh has approxi-

mately 4.6 million cells. Initially a structured quadrilateral mesh is used on the surface of the wind tunnel. Be-

fore generating the volume mesh, the height of the first layer of cells from the wind tunnel surface is determined 

such that the y+ values are close to 1 for both the meshes. Empty wind tunnel simulations are run to compare 

computed flow angularity and boundary layer properties with the experimental data. 

In the simulations which involved the truck geometry in the wind tunnel, three mesh levels termed as coarse, 

medium and fine are used. The coarse, medium and fine meshes consist of approximately 3.4 million, 11.2 mil-

lion and 25.8 million cells, respectively. Most of the meshing is done using a structured mesh except for some 

regions in the front of the truck (well outside the boundary layer) which are meshed using an unstructured grid. 

The reason for mostly using structured grid is that, it is easy to uniformly refine/coarsen the mesh which is re-

quired for solution verification purposes [21]. Comparatively, it is difficult to uniformly refine an unstructured 

mesh with tetrahedral cells and it cannot be achieved when meshing is done using commercial software. Also it 

is advisable to use structured hexahedral cells in the boundary layer flow as structured meshes do a better job in 

resolving the boundary layer flow when compared to the unstructured meshes.  
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Discretization 

The steady-state RANS simulations are conducted on the empty wind tunnel geometry using the Fluent [16] 

CFD code. A segregated solver is used for the computations which employs a cell-centered finite volume meth-

od. A second-order accurate upwind discretization is used for the momentum equation, turbulent kinetic energy 

equation and specific dissipation rate equation [16] for all the simulations except for the standard k-ε model on 

the fine mesh, where, only a first-order accurate upwind discretization is used for the turbulent kinetic energy 

equation and turbulent dissipation rate equations, since convergence is not achieved with the second-order up-

wind discretization. The SIMPLE algorithm [16] is used to obtain a relationship between velocity and pressure 

corrections to enforce mass conservation and to obtain the pressure field. 

Boundary Conditions 

In the case of the empty wind tunnel, the velocities are close to Mach 0.1 and as there is not much variation 

in the temperature, the flow is considered incompressible during the simulations. At the inlet, a stagnation pres-

sure boundary condition is applied. A gauge pressure value of 0.248846 psi (1715.733 N/m2) measured from the 

experiments is used. The outlet boundary condition is set to atmospheric. The tunnel walls are defined as sta-

tionary no-slip walls with a surface roughness of 0.015748 inch (0.4 mm) to achieve a better agreement with the 

actual rough wall in the experiments. The boundary conditions during the simulations are applied such that the 

conditions match the empty wind tunnel experiments conducted at Auburn University. 

The turbulence models used are the standard Wilcox 1998 k-ω model [18], the SST k-ω model, the standard 

k-ε model and the Spalart-Allmaras model. The free stream turbulence parameters, k, ω and ε are calculated us-

ing the formulae from Ref. 17. To determine these parameters, a turbulent intensity (Tu) of 1% and the ratio of 

turbulent to laminar viscosity equal to 10 are considered. The turbulent intensity used in the computations is 

measured for the wind tunnel. The values of k, ω and ε calculated are 0.18816, 1288.119, and 17.801, respec-

tively. The formulae for calculating the turbulent kinetic energy, k and the specific dissipation rate, ω are 
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In the expression for the calculation of specific dissipation rate, ρ is the density, k is the turbulent kinetic energy, 

μt is the turbulent viscosity and μ is the laminar viscosity 
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Results 

Results include both the computational predictions and the experimental data of the flow properties in the 

empty wind tunnel and also with the truck model placed in the wind tunnel test section. The empty wind tunnel 

results consist of the measurements of flow angularity at the beginning of the test section and the boundary layer 

properties on the floor of the test section. The truck simulations include the surface pressure distribution on the 

truck geometry and the overall drag prediction and are compared with the experimental data. 

Empty Wind Tunnel Simulations 

The empty wind tunnel simulations are done to validate the computational model of the wind tunnel by com-

paring the computational predictions with the data from the empty tunnel experiments. Another purpose of con-

ducting the empty tunnel simulations is to find the boundary layer height on the floor of the test section to de-

termine the position of the truck relative to the test section floor. The Auburn University wind tunnel consists of 

a 3ft × 4ft test section which has a length of 65 in. The upstream portion of the test section gradually changes 

from a circular cross-section to a rectangular cross-section as the flow enters the test section. Immediately 

downstream of the test section is a small gap which is opened to the atmosphere. The turning vanes which are 

used for diverting the flow in the axial direction upstream of the contracting section are not considered in the 

computations, but are replaced by a flat surface which is at a 45° angle with the axial flow direction. A top view 

of the wind tunnel showing the vanes which turn the flow is shown in Figure 4. 

Computational Predictions 

The steady-state RANS simulations are conducted on the empty wind tunnel geometry using Fluent [18]. The 

empty tunnel simulations are performed to validate the computational model of the wind tunnel. Empty wind 

tunnel simulations are carried out to find the boundary layer height from the test section floor. The boundary 

layer properties are predicted at three different locations on the floor of the test section. The boundary layer 

heights at 9, 20 and 39 in from the beginning of the test section are predicted to be 0.772, 0.975 and 1.33 in, re-

spectively. In the simulations, a surface roughness of 0.015748 inch (0.4 mm) is used to achieve a better agree-

ment with the boundary layer properties from the experiments. After the comparisons it was decided to place the 

truck geometry at a height of 4 inches from the test section floor. Hence, the stream-lined posts on which the 

truck geometry stands were set to a height of 4 inches. This height of the posts is also matched in the computa-

tions. 
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The empty tunnel simulations are converged until the iterative error in the simulations is considered small. 

The convergence criterion for the continuity equation is 5×10-6 and it is set to 1×10-6 for the momentum, k and ω 

equations. These convergence criteria are found by monitoring the estimated numerical error in the drag. When 

the error in the drag becomes lower than 0.01%, then the required convergence levels are set. 

Model Validation 

The numerical predictions are compared with the experimental results for the validation of the model. The 

validation of the computational model of the empty wind tunnel includes the comparison of the boundary layer 

properties at the three locations on the floor of the test section and the flow angularity at the beginning of the 

test section with the experimental data. The boundary layer thickness, the displacement thickness, and momen-

tum thickness at 9, 20 and 39 in from the beginning of the test section on the wind tunnel floor are compared 

with the experimental results. The boundary layer properties predicted from the computations are compared with 

the experimental data and are tabulated in Table 2. The boundary layer properties matched closely with the ex-

perimental data except for the boundary layer height at the farthest downstream section.  A higher value of 

boundary layer thickness is observed in the experiments at the last station, i.e. 39 in from the beginning of the 

test section, possibly due to the highly rough surface present on the test section floor at that location. The 

boundary layer profiles from the computations are compared with the experimental measurements at the three 

locations and are shown in Figure 5. 

Table 2. Comparison of numerical results of boundary layer properties with experimental results 

Boundary layer properties (inches) Numerical Experimental Percentage Error 

Beginning of the test section 

X = 9 in 

δ99 0.772 0.76 -1.58 

δ* 0.1426 0.13 -9.69 

Θ 0.0985 0.11 10.45 

End of the tractor 

X = 20 in 

δ99 0.975 0.96 -1.56 

δ* 0.1794 0.18 0.33 

Θ 0.126 0.15 16 

End of the trailer 

X = 39 in 

δ99 1.33 1.56 14.74 

δ* 0.2313 0.23 -0.56 

Θ 0.1651 0.20 17.45 
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The flow angularity data in the experiments at the beginning of the test section are matched with the flow an-

gularity prediction from the computations by changing the flow angle at the inlet boundary condition in the 

computations and it is observed that an inlet flow angle of 20 degrees with the axial direction shows better 

agreement when compared with the other flow angles. Different flow angles at the inlet had to be tested to 

match the flow angularity at the beginning of the test section, since there is no information on the flow direction 

and behavior of the flow at the vanes in the experiments. The flow angularity comparison at 9 in from the be-

ginning of the test section at the vertical centerline location is shown in Figure 6. 

Truck Simulations 

Computational Predictions 

For the RANS simulations of the truck geometry in the wind tunnel, an extended test section is considered in 

order to move the outflow boundaries sufficiently far away from the truck wake. The test section length is made 

twice the actual length in the experiments. The simulations are carried on three mesh levels. The coarse, medi-

um and fine meshes consists of approximately 3.4 million cells, 11.2 million cells and 25.8 million cells, respec-

tively.  The computational mesh (coarse grid) with the truck geometry placed in the wind tunnel test section is 

shown in Figure 7. 

The simulations are conducted at a Reynolds number approximately equal to 1 million based on the trailer 

width in order to match the value used in the experiment. The drag has been found to be independent of Reyn-

olds number above this range [5]. All four turbulence models are tested on both the coarse and medium grids: 

the standard Wilcox 1998 k-ω model [16], the SST k-ω model [16], the standard k-ε model [16] and the Spalart-

Allmaras [16]. Only two turbulence models, the SST k-ω model [16] and the standard k-ε model [16], are tested 

on the fine mesh. The stagnation pressure and temperature values are set at the 45° inlet plane to match the stag-

nation conditions in the wind tunnel and the back pressure is varied at the outlet to match the reference pres-

sures. The truck walls and the tunnel walls are defined as no slip walls with a surface roughness of 0.015748 

inch (0.4 mm) on the tunnel walls. With these boundary conditions, a static pressure very close to atmospheric is 

achieved at the cross section downstream of the test section where there is a gap in the actual wind tunnel. Also, 

the back pressure is varied such that the pressure values at three locations in the upstream region of the test sec-

tion are matched, which are initially considered as the reference pressures. Later, the pressure values are re-

placed by the pressure value on the top of the trailer surface as the reference pressure and the reference pressure 

on the trailer surface is used for the calculation of the pressure coefficient and the drag coefficient. This change 
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has to be made because the three reference pressure locations in the upstream region of the test section are too 

close to the truck geometry, and are located at the beginning of the test section after the converging portion of 

the wind tunnel. Their use requires a highly accurate simulation of the pressure variations at that location be-

cause of the acceleration of the flow due to presence of the truck geometry. 

Before comparing the results from the computations with the experiments, it is important to estimate the nu-

merical errors. The turbulence cases are initially converged using a first-order spatial discretization, and then 

subsequently restarted with a second-order discretization. It is observed from the residuals that the convergence 

is rather slow when the second-order upwind discretization [16] is used as compared with the first-order dis-

cretization. The convergence of the residuals is faster for the first-order scheme due to additional dissipation, but 

for the second order scheme, the residuals do not converge to steady state due to the unsteady wake that was 

found to form behind the posts and the truck. 

To find out whether the solution is converged, the drag variation with iterations is examined and it can be 

seen that the drag values oscillate along a constant mean value. The behavior of drag on the truck with the itera-

tions is shown in Figure 8. The source of oscillations is the unsteady flow behind the truck base and the posts. 

Even behind the posts, there is a flat rear surface which leads to separation and hence the oscillations in the drag 

convergence. When the drag is no longer converging, and only oscillating about a constant mean value, the 

pressure coefficient and the drag coefficient are calculated. The pressure values on the top, bottom, sides, front 

and backside of the truck are extracted to calculate the pressure coefficient. The pressure coefficient is calculat-

ed using the formula: 
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where, p is the static pressure, pref is the reference pressure. 

The overall drag-coefficient calculated using all four turbulence models for the different mesh levels is tabu-

lated in Table 3. To get an error estimate on the numerical solution, Grid Convergence Index (GCI) values are 

calculated for the medium and fine mesh solutions and the calculated values are tabulated in Table 3.  A GCI 

value on a fine grid solution, proposed by Roache [20], is defined as: 

1

12

1 f
ff

r
FGCI p

s −
−

=  

where Fs is the factor of safety, f1 and f2 are the finer grid solution and the coarser grid solutions, respectively, r 

is the refinement factor between the two grids considered and p is the observed order of accuracy. The refine-
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ment factor is 1.5 between the coarse and medium meshes and it is 1.33 between the medium and fine meshes. 

The observed order of accuracy cannot be calculated using 2 grids and hence in the case of the standard Wilcox 

1998 k-ω and the Spalart-Allmaras turbulence models, the observed order of accuracy is assumed to be equal to 

formal order of two. For this case, Roache [13] recommends a conservative factor of safety value of Fs = 3. For 

the SST k-ω and the standard k-ε turbulence models, there are solutions from three grid levels and hence an ob-

served order of accuracy value can be calculated. In this case, the GCI can be calculated using the calculated ob-

served order of accuracy. Assuming the observed order of accuracy matches the formal order, a less conserva-

tive factor of safety of 1.25 can be used for these cases. The GCI converts the estimate of the error in the 

numerical solution into an error of uncertainty band. The observed order of accuracy is 2.32 for the SST k-ω 

turbulence model and 1.166 for the k-ε turbulence model. In the case of k-ε turbulence model, the k- and ε-

equations are run first order as the residuals diverged when they are run second order upwind scheme. The re-

duction in the order of accuracy may be due to first order convergence of the k- and ε-equations. The formula 

used for the calculation of order of accuracy is given below: 









−
−

=
−
−

11 12

12
12

23

23
p

p
p r

ffr
r

ff
 

where f1 is the fine grid solution, f2 is the medium grid solution, f3 is the coarse grid solution, r12 is the refine-

ment factor between the fine and medium grids and r23 is the refinement factor between the medium and coarse 

grids. Observed order of accuracy, p in the equation is obtained using a Newton-Raphson method. 

 

Table 3. Computational prediction of the overall drag coefficient using different turbulence models 

 
Drag Coefficient, CD  

Coarse Mesh Medium mesh Fine Mesh GCI 

Spalart-Almaras 0.4039 0.3975 - 6.28% 

k-ε 0.3124 0.3088 0.3072 1.14% 

k-ω 0.3139 0.3089 - 13.14% 

SST k-ω 0.3088 0.3024 0.3003 0.56% 

 

Experimental Results 

Due to limited data acquisition resources, the surface pressure measurements were done in two stages. The 

first stage measured the surface pressure distribution on the tractor through the 84 pressure taps located on the 
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tractor, and the second measured the surface pressure distribution on the trailer. In both stages, pressure taps 

were connected to Scanivalve Corp. 48 port pressure scanners by plastic pressure tubes. All tubes were made to 

have an equal length, approximately 4ft, in order to minimize differences in pressure reading due to the reso-

nance effect. The pressure scanners were connected to a Scanivalve Corp. DSA-3217 that has 16 pressure trans-

ducers. Only five to six transducers were used for tractor or trailer pressure measurements respectively, with 

three transducers dedicated to measure the reference pressures discussed earlier. The sampling frequency of the 

DSA-3217 was 0.5 Hz/channel. The maximum uncertainty of the pressure measurement was calculated to be 

5%. 

Force measurements were conducted using an external pyramidal force balance.  Calibration of the balance 

was performed and verified within an accuracy of 2.0%.  The model was attached to an adapter plate which was 

connected securely to the top of the pyramidal balance. The struts were connected firmly to the wind tunnel 

floor leaving a gap of a 1/16 inch between the strut and model.  This allowed for free movement of the model 

and balance during dynamic forces.  A Lab view program was written to run these tests while data was collected 

through a D/A board. 

Collecting the data from the experiments, the overall drag coefficient is calculated. The experiment is repeat-

ed several times to test the repeatability. The average drag measured from the experiments is 12.53 lbf. The at-

mospheric pressure and density measured during the experiments are 14.2866 psi and 0.002198 slug/ft3, respec-

tively. The average value of the overall drag coefficient calculated from the experimental data is 0.325. The 

experimental uncertainty is estimated to be 5% and hence with the error bounds the average drag coefficient 

from the experiments is reported as 0.325± 0.016. 

Model Validation 

The pressure distribution on the truck model from the simulations is compared with the experimental meas-

urements from the ports located at various positions on the truck geometry. The location of the pressure taps on 

the truck geometry is shown schematically in Figure 9. The pressure distributions include the Cp variations on 

the top, bottom, sides, front and back of the truck geometry. The comparison of Cp of the two turbulence models 

(SST k-ω and standard k-ε) for the fine mesh to the experimental measurements on the top and bottom of the 

truck geometry is shown in Figure 10. Similarly, the comparison of the Cp values of the two turbulence models 

to the experimental measurements on the two sides of the truck geometry is shown in Figure 11. The Cp com-

parisons on the front side and back side are shown in Figure 12 and Figure 13, respectively. The deviation of the 

experimental data of the Cp values from the computations on the front of the truck is due to the difficulty in the 
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measurement of the port location on the curvature. On the back of the trailer, the turbulence models did not ac-

curately predict the behavior of the flow when compared to the experiments and hence the difference in the Cp 

comparisons. The turbulence models predicted a symmetric pair of counter-rotating vortices on the back of the 

trailer, but from the pressure distribution in the experiments, it looked like the counter –rotating vortices have a 

different structure which is not symmetric and only one large vortex seems to be present exactly behind the 

trailer. The velocity contours along with the streamlines on the vertical symmetry plane at the back of the trailer 

for the SST k-ω turbulence model are shown in Figure 14. The pressure contours on the back side of the trailer 

compared with the pressure data at the port location from the experiments are shown in Figure 15. The contours 

in the circular spots show the pressure values from the experimental data at the port locations. The comparison 

shows a higher negative pressure towards the top and bottom of the trailer back surface in the computations, but 

a higher negative pressure only towards the bottom of the trailer back surface which represent an asymmetric 

flow behavior in the experiments behind the trailer. 

Initially, the reference pressures at three different locations in the test section, one on the floor, and the other 

two on the side walls of the test section are obtained from the simulations and compared with the experimental 

data. Later the location of the reference pressure is changed to one of the ports on the top of the trailer. The rea-

son for this change in the location of the reference pressure is that the three ports initially considered on the 

wind tunnel test section fall in the region of high pressure variations. They are located on the test section at the 

beginning of the truck where the flow is accelerated due to the presence of the truck geometry. Hence the refer-

ence pressure position is changed to the location on the top of the trailer. 

Finally the drag coefficient predicted from the simulations, for Wilcox 1998 k-ω and the Spalart-Allmaras 

turbulence models on the medium mesh and the SST k-ω model and the standard k-ε model on the fine mesh, is 

compared with the experimental result. The comparison of the drag coefficient along with the percentage error 

in their mean predictions relative to the experiment is shown in Table 4. 

Table 4. Drag coefficient comparison 

 Drag Coefficient, CD % Error 

Spalart-Almaras 0.3975 ± 0.0249 - 22.3 % 

k-ε 0.3072 ± 0.0035 5.48 % 

k-ω 0.3089 ± 0.0405 4.95 % 

SST k-ω 0.3003 ± 0.0017 7.6 % 

Experiments 0.325 ± 0.016 - 
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Conclusions 

RANS simulations were performed on the empty wind tunnel geometry and the truck model placed in the 

wind tunnel. The boundary layer height in the wind tunnel test section was calculated to determine the position 

of the truck geometry relative to the test section floor. The boundary layer properties on the floor along the test 

section length and the flow angularity at the beginning of the test section were predicted and compared with the 

experiments carried out in the 3-ft by 4-ft Auburn University wind tunnel for validation. After the calculation of 

the boundary layer height from the test section floor, the tractor/trailer geometry was placed at a height of 4 

inches from the test section floor. 

The steady-state Reynolds Averaged Navier-Stokes (RANS) simulations over the Modified Ground Trans-

portation System placed in the 3-ft by 4-ft Auburn University wind tunnel were conducted to predict the surface 

pressure distribution on the truck geometry and the overall drag. The computational predictions are compared 

with the experimental data for validation. The surface pressure distributions from the computations agreed rea-

sonably well with the experimental data except in the base region. The RANS models predicted a symmetric 

pair of counter rotating vortices behind the trailer but from the pressure distribution in the experiments, it looked 

like there is only one large vortex in the trailer base region. The behavior in the computations is consistent with 

other RANS simulations of high Reynolds number bluff-body flows [6], [7], [9]. Also, the overall drag is pre-

dicted well by the RANS two equation models: the standard Wilcox 1998 k-ω model, the SST k-ω model and 

the standard k-ε model. The Spalart-Allmaras model over-predicted the overall drag value and the drag coeffi-

cient value is 22.3% higher than the experimental value. 
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Figure 1: Flow visualization/force model mounted in the wind tunnel test section 
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Figure 2: Schematic of the simplified truck geometry in the wind tunnel 
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Figure 3: Computational geometry of the simplified tractor/trailer placed in the wind tunnel  
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Figure 4: Top view of the wind tunnel geometry 
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Figure 5: Comparison of boundary layer profiles (a) at 9 in (b) at 20 in (c) at 39 in from the beginning 
of the test section 
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Figure 6: Flow angularity at vertical center at 9 inches from the beginning of the test section 
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Figure 7: Computational mesh (coarse grid) for the truck geometry placed in the wind tunnel 
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Figure 8: Drag convergence on truck 
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Figure 9: Schematic of the location of the pressure ports on the truck geometry  
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Figure 10: Comparison of the Cp variation on the top and bottom of the truck geometry 
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Figure 11: Comparison of the Cp variation on the sides of the truck geometry 
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Figure 12: Comparison of the Cp variation on front of the truck geometry 
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Figure 13: Comparison of the Cp variation on the back of the truck geometry 
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Figure 14: The velocity contours along with the streamlines on the vertical symmetry plane for the SST 
k-ω turbulence model 
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Figure 15: Pressure data comparisons on the back of the trailer 
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