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Abstract

The use of lateral guide vanes as a drag reducing device for ground vehicles is numerically
investigated in the present study using computational fluid dynamics. Two types of ground
vehicles are considered, a simplified bus model and a simplified sport utility vehicle (SUV)
model. The guide vanes are used to direct air into the low-pressure wake region in order to
enhance pressure recovery, which in turn would reduce form drag and hence the overall
aerodynamic drag. The steady-state simulations are based on the Reynolds-averaged
Navier-Stokes equations, with turbulence closure provided through two-equation eddy-
viscosity models. Guide vane cross-section, chord length and angle of attack are varied in
order to obtain the optimal configuration for improved aerodynamic performance.
Simulations indicate an overall reduction in the aerodynamic drag coefficient of up to 18%
for the bus and SUV models with the use of the lateral guide vanes. Moreover, it is shown
that guide vanes with symmetric airfoil cross-sections result in higher percentage drag
reduction as compared to asymmetric cross-sections. Grid-independence tests and
comparison with available data in the literature is carried out to validate the present
numerical procedure.

Keywords: Drag reduction; vehicle aerodynamics; turbulence modelling; form drag;
Reynolds Averaged Navier-Stokes equations.

Introduction

Sport utility vehicles, trucks, vans and buses are examples of large ground vehicles that are
often criticized for their poor fuel economy. With recent spikes in fuel prices and a worldwide trend
towards controlling greenhouse gas emissions, automotive design engineers are faced with the

immediate task of introducing more efficient aerodynamic designs for such vehicles.

In general, such vehicles are known to be aerodynamically inefficient compared to other
ground vehicles due to their large frontal areas and bluff-body shapes. The inefficient aerodynamic
shape results in excessive drag which leads to elevated fuel consumption rates. Contributions to
heavy vehicle aerodynamic drag are mainly due to pressure drag, also known as form drag. It is
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estimated that the pressure drag on heavy vehicles accounts to more than 80% of the total
aerodynamic drag [1], with frictional drag accounting for the remaining 20%.

Computational fluid dynamics provides a valuable tool for the analysis of heavy vehicle
aerodynamics. Numerical studies aimed at evaluating the use of computational fluid dynamics for
the prediction of the overall drag coefficient for heavy vehicles have been carried out by a number
of researchers [2—4]. Salari et al. [2] used Reynolds-averaged Navier-Stokes (RANS) simulations
together with experimental data for a simplified tractor/trailer geometry to show that with an
appropriate choice of turbulence model, the overall drag coefficient could be predicted with
reasonable accuracy. Pointer [3] used a commercial CFD flow solver to study a realistic tractor-
trailer combination, and the results indicated that the overall drag coefficient could be predicted
with reasonable accuracy. Maddox et al. [4] used another commercial CFD solver to simulate the
flow around a simplified tractor/trailer geometry. 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. Large eddy simulations (LES) of road vehicle aerodynamics were
carried out by Verzicco et al [5], where the predicted averaged drag coefficient and mean velocity
profiles were in good agreement with experimental measurements.

Retrofits for trucks aimed at improving aerodynamic performance and reducing the overall
drag coefficient have recently shown great potential [6-8]. Examples of such drag-reducing devices
include cab roof and side fairings, tractor and trailer side skirts, trailer-front fairings, vortex
generators, and base-flaps. Studies for cab roof and side fairings show 9% to 17% drag reduction
percentages on heavy vehicles [9-11]. Moreover, trailer-front fairings provide 7-10% reduction of
the baseline drag coefficient as shown by [12]. Base flaps installed on a full-scale tractor-trailer
reduce the overall drag coefficient by about 4-5% [10]. Slight modifications on tractors and trailers,
such as edge-rounding and rear tapering, can provide further drag reduction [13]. More
sophisticated methods such as active boundary-layer control techniques have also been studied on
heavy vehicles with promises of significant drag reduction [14-15].

The effect of using retrofits for SUV aerodynamic drag reduction was investigated in [16],
where the installation of a boat tail plate resulted in reducing the drag coefficient of a generic SUV
by 12.3 %. Other types of drag-reduction techniques were also experimented on SUVs. Lamond et
al [17] investigated the use of base bleed on an SUV using computational fluid dynamics. The
design introduces air to the rearward low-pressure region by the use of a gas generator, resulting in
a reduction of the drag coefficient by 8.2%.

In the present study, a new drag-reducing device is proposed for improving the aerodynamic
performance of heavy vehicles. The device consists of lateral guide vanes that are installed near the
rear end of the vehicle. The objective of installing the vanes is to guide the air flow into the low-
pressure wake region. This would result in a pressure increase in the wake region due to mass
addition of the directed air, which in turn would reduce pressure drag and hence the overall
aerodynamic drag of the vehicle. Four different cross-sectional types are investigated for the guide
vanes namely; flat-plate, NACA 0015, NACA 2412 and NACA 64(3)-218 cross-sections. A
numerical parametric study, using computational fluid dynamics, is conducted to investigate the
effect of installing the lateral guide vanes on a simplified bus model and a simplified SUV model.
The parametric study is concerned with identifying the optimum guide vane cross-section and the
optimum angle of attack for maximum drag reduction. In the present study, the commercial CFD
package, ANSYS CFX, is used to perform the steady-state RANS simulations.

2. Problem Description
The effects of installing lateral guide vanes on the aerodynamic performance of simplified
models for a bus and a sport utility vehicle are investigated in the present study. The bus is

simplified using the box model of Tsuei and Savas [18], for which the overall drag coefficient has
been experimentally evaluated (Cp=0.995). Fig (1) provides a schematic of the box model, with the
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exact dimensions being given in table (1). As shown in fig (1), both ends of the rectangular box are
flat with sharp corners and edges which would provide a reasonable simulation for a bus or a mini-
van [18]. The Reynolds numbers based on the box length and the free stream velocity (120 km/h) is
1x10°. As for the SUV model, the Hummer H2 is considered for which the drag coefficient is 0.57
[19]. A simplified model for the Hummer H2 is adopted in the present study and is shown in fig (2).
The SUV model is scaled down to fit the same length of the box model (L=25.4 cm), in order to
maintain a fixed Reynolds number throughout the present study.

Lateral guide vanes are installed as shown in fig (3). The lateral distance L1 is taken to be
0.99L, while the longitudinal distance L2 is taken to be 0.55W. Both distances are fixed for all
reported test cases in the present study. For airfoil cross-sections, L1 and L2 are measured from the
leading edge of the airfoil. A three-dimensional view showing the installation of the guide vanes on
the box and SUV models is given in fig (4) for further clarification. The orientation of the guide
vanes is varied by changing the angle of attack for attaining maximum drag reduction. Four possible
cross-sectional shapes are considered for the guide vanes, namely, flat plate, NACA 0015, NACA
2412 and NACA 64(3)-218 cross sections. For the flat plate, the thickness is taken to be 15% of the
plate length, which would coincide with the thickness-chord ratio of the NACA 0015 airfoil. A
graphical comparison between the different cross-sectional shapes is provided in fig (5).

Figure 1. Schematic of the box model

TABLE1: DIMENSIONS OF THE BOX MODEL

Dimensions (cm) Box Model
Length (L) 254
Width (W) 10.2
Height (H) 8.9

Ground clearance (h) 1.3

3. CFD Simulation Setup and Validation
3.1. CFD Simulation Setup

The commercial CFD package, ANSYS CFX, is used in the present study to perform
the steady-state RANS simulations. Fig (6) summarizes how the numerical procedure is set
up. CFX-Mesh is used to construct the computational unstructured grid which consists of
tetrahedral control volumes. Fig (7) shows a cut in the volume mesh at the symmetry plane
for the SUV model. The maximum expansion factor for any two adjacent tetrahedral
elements is limited to 1.2 to ensure the smoothness of the grid.

CFX-Pre is used for setting up the physical model and the boundary conditions. Two
turbulence models are adopted in the present study. The first model is the standard k-¢
turbulence model [20] which is implemented together with scalable wall functions [21] to
allow for systematic grid refinement without solution deterioration. The second turbulence
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model is the SST k- model [22], which is reported to perform better than the k-¢ model in
the presence of adverse pressure gradients [23]. The working fluid is set to air at 25°C and a
uniform velocity profile of 120 km/h is specified at the domain inlet with a 0.5% turbulence
intensity level to simulate a low turbulence wind tunnel similar to that in [18]. For the
domain outlet, a zero average static pressure boundary condition is applied. No slip
conditions are set at the solid walls in order to closely replicate the actual wind tunnel tests
of Tsuei and Savas [18]. Moreover, a symmetry boundary condition is specified for the
central symmetry plane of the geometry.

Figure 2. Schematic of the SUV model

Figure 3. Orientation and dimensions of the installed lateral guide vanes

(a) (b)
Figure 4. Schematic with lateral guide vanes installed for (a) the box and (b) the SUV models
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Figure 5. Cross-sectional shapes for the lateral guide-vanes
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Figure 7. Mesh at the symmetry plane for the SUV model

CFX-Solver performs the numerical computations using a fully implicit finite
volume discretization of the RANS equations and a coupled solver. Advection terms are
discretized using a high-resolution scheme which is essentially second order accurate. The
convergence criterion is set to 10 for the maximum residuals of all simulation cases
reported in the present study. The maximum residuals, within the context of the present
study, represent the maximum absolute value of the relative residuals for the mass,
momentum, turbulent kinetic energy and turbulent dissipation rate equations. Moreover, the
drag coefficient is monitored to ensure that it attains a constant value and is no longer
changing with iterations when the convergence criterion is met.

CFX-Post is the 3D graphical post-processor that allows visualization and
quantitative post-processing of the results of CFD simulations. Using CFX-Post, the overall
drag coefficient for the different models considered in the present study is evaluated from
the following equation:
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where Fp is the computed drag force and A is the frontal area of the vehicle exposed
to the oncoming flow. Surface pressure plots can also be generated, where the non-
dimensional pressure coefficient is evaluated as follows:

o= FP—-F_
P11 (2)

3.2. Validation of Numerical Procedure

The well-known Ahmed car [24] with a 25° slant angle is simulated first in order to
validate the present numerical procedure. Experimental data are available for the Ahmed car
in terms of the drag coefficient [25] and the streamwise velocity profiles in the wake [26].
Numerical simulations are performed at a Reynolds number of 7.68x10° based on the car
height and a bulk velocity of 40 m/s to correspond to the experimental conditions in [26].
Results for the predicted drag coefficient are given in table (2), showing that both the k-¢
and SST k- models provide reasonable predictions for the drag coefficient within 5.3% of
the experimental drag coefficient value provided in [25]. Moreover, simulated streamwise
velocity profiles along the symmetry plane and in the wake of the body are provided in fig
(8) and compared with the experimental velocity profiles provided in [26]. The comparison
is done at three streamwise locations, x=88, 138 and 188 mm, where x=0 corresponds to the
rear end of the Ahmed body. As can be seen from fig (8), the numerical simulations are in
good agreement with the experimental velocity profiles in the wake.

Further validation of the present procedure is provided through numerical
simulations to predict the overall drag coefficient of the box and SUV models with no guide
vanes installed. For the box model, the results are summarized in table (3). Both turbulence
models predict the drag coefficient for the box with reasonable accuracy, with the SST k-®
model performing relatively better than the k-& model.

Moreover, for the SUV model, the k-¢ model predicts an overall drag coefficient of

0.593 while the SST k- model predicts a value of 0.606. Both values are relatively higher
than the commercially documented value for the Hummer H2 [19], Cp=0.57, due to the
crudeness of the adopted SUV model in the present study which would result in stronger
flow separation and hence a higher drag coefficient. These results show that the steady-state
RANS approach is capable of predicting the large-scale time-averaged aerodynamic
characteristics for the model vehicles considered in the present study with reasonable
accuracy.

Results and discussion

4.1. Box model results

As can be seen from the present numerical results and previous experimental data [18], the

model is characterized by a large drag coefficient value (Cp=1) due to strong flow separation
from the sharp edges and corners of the box. To improve the aerodynamic efficiency of the
model, a drag reducing device, in the form of lateral guide vanes, is installed near the rear end
of the box as shown in fig (4). The chord length of the guide vane is taken to be L/8, where L
represents the length of the box. The main purpose of installing the guide vanes is to direct the
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air flow into the low-pressure wake region. This would improve pressure recovery in the wake
due to mass addition of the directed air, which in turn would reduce form drag and hence the
overall aerodynamic drag of the box.

The effect of varying the angle of attack for the lateral guide vanes on the percentage drag
reduction is given in fig (9) for the flat plate and NACA 00015 cross-sections. Significant
reduction in the drag coefficient, Cp, (up to 17%) and in the product CpA (up to 9%) is attained
by using the lateral guide vanes on the box model. Note that the percentage reduction in the
product CpA is lower than the percentage reduction in Cp due to the slightly larger frontal area
as a result of installing the guide vanes. It should be noted that the percentage reduction in CpA
provides a more accurate measure of the aerodynamic drag reduction in the present study as
compared to the percentage reduction in Cp, due to the change in frontal area as a result of
installing the guide vanes.

TABLE2: DRAG COEFFICIENT FOR THE AHMED BODY

Study Cp for box Deviation from experiment
Experiment [25] 0.338 -
Present - (k-€) model 0.32 5.3%

Present - SST (k-®) model 0.356 5.3%
x=28 mm x=138 mm x=188 mm
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Figure 8: Streamwise velocity profiles along the symmetry plane in the wake of the Ahmed body.
Circles represent experiment from [26]. Solid line represents present (k-¢) model results. Dashed
line represents SST (k-m) model results.

TABLE3: DRAG COEFFICIENT FOR THE BOX MODEL

Study Cp for box Deviation from experiment
Experiment [18] 0.995 -
Present - (k-¢) model 0.908 8.74%
Present - SST (k-®) model 0.915 8.04%

Fig (9) also shows that the performance of the flat plate cross section is inferior to that of
the symmetric NACAO015 airfoil cross-section. This should be expected due to the sharp
corners of the flat plate that would induce flow separation and hence result in relatively higher
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drag as compared to the streamlined airfoil cross section. However it is interesting to note that,
even with the use of such an inefficient acrodynamic cross section, drag reduction percentages
of up to 13% and 5% are attained for Cp and CpA, respectively. Moreover, from fig (9), it is
noticed that maximum drag reduction occurs at small values for the angle of attack. With further
increase in the angle of attack, the efficiency of the drag reducing device starts to deteriorate.

To further examine the effect of installing the guide vanes on the pressure recovery in the
wake region, the average surface pressure coefficient on the rear surface of the box is evaluated
in table (4). With no guide vanes installed, a relatively low average surface pressure coefficient
is predicted on the rear surface of the box. When flat plate and NACA 0015 guide vanes are
installed at 5° angle of attack, air is directed into the wake region causing a considerable rise in
the average surface pressure coefficient value, as can be seen from table (4).

More understanding of the effect of installing the lateral guide vanes on the aerodynamic
performance of the box model could be provided through plotting the surface pressure
distribution. Fig (10) provide the upper and lower surface pressure distributions for the box at
the symmetry plane, with and without installing NACA 0015 guide vanes at 5° angle of attack.
In fig (10), the plot starts from the stagnation point on the front side of the box (x/L=0) and
proceeds over the upper and lower surfaces respectively, terminating with the intersection edge
between the surface and the back side of the box (x/L=1). As can be seen from figs (10), the
installed guide vanes lead to higher pressures on the lower and upper surfaces near the rear end
of the box, which indicate improved pressure recovery in the wake region and hence a
significantly lower overall drag coefficient.
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Figure 9: Percentage drag reduction for the box model using lateral guide vanes

TABLE4: AVERAGED Cp ON THE REAR SURFACE OF THE BOX MODEL

. Cp
Guide vane o (deg) e SST koo
No guide vane - -0.198 -0.216
Flat plate 5 -0.109 -0.126
NACA 0015 5 -0.109 -0.125

4.2. SUV model results
The drag coefficient for the present SUV model is around 0.6, which is a significantly high

value. In general, aerodynamic drag can be reduced by increasing the pressure in the SUV base
area. Tapering the body sides and roof has a significant effect, but this would reduce the SUV
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cargo capacity and the rear passenger headroom. Installation of drag-reducing devices, such as
the lateral guide vanes considered in the present study, would improve the aerodynamic
performance of the SUV without compromising the cargo room and the rear passenger
headroom.

To investigate the effect of installing the guide vanes on the aerodynamic performance of
the SUV, two important parameters are identified. These parameters are the vane cross-sectional
shape and the angle of attack. The effect of varying these parameters on the percentage drag
reduction is given in fig (11) for a chord length of L/8. Similar to the trend developed with the
box model, installing the lateral guide vanes near the rear end of the SUV model leads to
significant reduction in aerodynamic drag. Maximum reduction in the aerodynamic drag
coefficient of 18% is predicted with the installation of the guide vanes. Fig (11) also shows that
the percentage reduction in the product CpA is lower than the percentage reduction in Cp due to
the larger frontal area as a result of installing the guide vanes. Reduction percentages of up to
10% are predicted for CpA. Again, it should be noted that the percentage reduction in CpA
provides a more accurate measure of the aerodynamic drag reduction in the present study as
compared to the percentage reduction in Cp, due to the change in frontal area as a result of
installing the guide vanes.

Moreover, and as evident from fig (11), present numerical results indicate that the
symmetric NACA 0015 airfoil provides a relatively better performance than the other two
airfoils considered.

Table (5) provides further quantitative comparison between the predicted Cp values using
the k-¢ and SST k-o turbulence models for two different chord lengths (L/8 and L/12).
Percentage difference between the predicted Cp values using both turbulence models is within
4% for all reported cases, with the SST k- model consistently predicting a slightly higher Cp
value as compared to the k-€ model.

1.5

—6— Guide vanes installed E
—>— No guide vanes

"o 0.2 0.4 06 0.8 1
/L

Figure 10. Pressure coefficient distribution on (a) the upper box and (b) the lower box surfaces

5. Grid-independence study

All test cases reported in the present study were simulated on a sequence of increasingly fine

meshes in order to ensure grid-independent results. Sample results, using the k-¢ turbulence model,
are provided in table (6) for the SUV using the NACA 0015 airfoil cross-section for the lateral
guide vanes with a 5° angle of attack and an L/8 chord length. Table (6) shows that a grid size of 1.4
million cells provides grid-independent results for this test case. In general, for all test cases
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reported, grid sizes of around the same order of magnitude, 1.4 million cells, were needed to
provide grid-independent results.
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Figure 11. Percentage drag reduction for the SUV using guide vanes of (L/8) chord length
6. Concluding remarks

The effectiveness of a drag reducing device for ground vehicles is numerically investigated in
the present study. The device consists of lateral guide vanes that are installed near the rear end of
the vehicle. Reduction percentages of up to 18% in the coefficient of drag are reported for
simplified bus and SUV models. Moreover, reduction percentages of up to 10% are predicted for
CpA. It should be noted that the percentage reduction in CpA provides a more accurate measure of
the aerodynamic drag reduction using the present drag reducing device as compared to the
percentage reduction in Cp, due to the change in frontal area as a result of installing the guide
vanes. Symmetric airfoils, such as NACA 0015, show relatively better performance when used for
the guide vanes as compared to flat plate and asymmetric airfoil cross-sections. Reported results in
the present study are validated through the use of different turbulence models, performance of grid-
independency tests and comparison with experimental results available in the literature.

TABLES: DRAG COEFFICIENT FOR SUV WITH GUIDE VANES USING DIFFERENT TURBULENCE MODELS

Airfoil Chord length a (deg.) — o ST di?feerfeennct:‘%f/o )
5 0.488 0.501 2.66
L8 10 0.488 0.493 1.02
5 0.501 0.515 2.79
NACA 0015 5 0.491 0.501 2.04
L/12 10 0.487 0.501 2.87
5 0.493 0.512 3.85
5 0.485 0.499 2.89
L8 10 0.501 0512 2.20
5 0.513 0.522 1.75
NACA 2412 5 0.496 0.504 161
L/12 10 0.493 0.501 1.62
5 0.504 0.515 2.18
NACA 643)- 5 0.499 0.512 261
218 L8 10 0.489 0.501 2.45
5 0.504 0.517 2.58
U2 5 0.496 0.501 1.0l
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10 0.497 0.501 0.80
15 0.496 0.516 4.03

TABLEG6: GRID-INDEPENDENCE STUDY FOR SUV MODEL USING NACA 0015 GUIDE VANE

Grid Size (number of tetrahedra) Percentage reduction in Cp (%)
880000 16.17
1040000 17.23
1230000 17.63
1400000 17.74

Nomenclature

A: Frontal area of model vehicle.

Cp: Aerodynamic drag coefficient.

Cp: Pressure coefficient.

Fp: Aerodynamic drag force.

h: Ground clearance of model vehicle.
H: Height of model vehicle.

L: Length of model vehicle.

Po: Free stream pressure.

V! Free stream velocity.

W: Width of model vehicle.

o Angle of attack for lateral guide vanes.
Poo: Free stream density.
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