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Abstract : The three-dimensional vortical structures formed in the wake behind a road vehicle
were measured using a particle image velocimetry (PIV) technique and the change of the
structures by the existence of an air spoiler was investigated. The measurements were carried
out in several x-y, y-z and z-x planes to obtain full three-dimensional flow fields, including an
out-of-plane velocity component, obtained by interpolating the velocities in the other plane. Then,
the velocity gradient tensor is evaluated to obtain the vortex core by the Ao—definition. The
relationship between streamwise, longitudinal and spanwise vortices is systematically analyzed
by overlapping the vortex lines and vortex cores and the whole flow topology is compared in both
cases with and without an air spoiler. As a result, an air spoiler was found to weaken the C-pillar
vortices producing strong wing tip vortices, which reduce downwash flow and longitudinal
vortices increase in the vertical direction. The recirculation zone formed when an air spoiler is
installed is higher and narrower than without a spoiler.

Keywords : particle image velocimetry (PIV), road vehicle, air spoiler, three-dimensional wake,
vortex line, A2 method.

1. Introduction

Numerous numerical and experimental studies have been carried out to investigate the flow
structures around a road vehicle. Although computational fluid dynamics using large eddy
simulation (LES) method (Krajnovic and Davidson, 2004; Han, 1989) provided useful information on
the aerodynamic characteristics such as the flow structure and the drag coefficient in the
three-dimensional wake, but they still provide not that good results comparing with experimental
ones for cases with complicated geometry and a high Reynolds number. To overcome this problem, a
high performance parallel computing system is necessary as Tsubokura et al. (2006) used it to
simulate flows around a formula car. Experiments by hot wire anemometry, laser Doppler
anemometry, Pitot tube and multi-component balance (Ahmed et al., 1984; Kee et al., 2001) still have
limitations on the analysis of the three-dimensional vortical structures despite showing reasonable
data.

As the particle image velocimetry (PIV) technique that quantitatively visualizes the vortex
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structures (Zheng, 2007; Shao et al., 2007) has improved, many studies to examine the flow behavior
around a road vehicle. Cogotti and Gregorio (2000) measured flow structures in the wake of a
rearview mirror and around a frontal wheel of a full-size car. McCutchen et al. (2002) examined the
wake characteristics of a simplified car model according to several angles of the hatchback. Al-Garni
et al. (2003) and Heineck and Walker (1999) analyzed the turbulent flow around a truck by PIV
measurements. However, these studies did not completely verify the whole wake phenomena
including recirculation, but simply investigated the flow features. Recently, we reported on the PIV
measurements in the wake of a downscaled sports car model at several sections and discussed the
structural changes of the three-dimensional vortices caused by an air spoiler (Kim, et al., 2006), but
we did not show the full three-dimensional vortical structure because of the lack of information on
the out-of-plane velocity component.

Meanwhile, many strategies were tried to find out three-dimensional vortical structures for
simple geometric flows. Perry and Chong (1987 and 1990) made a systematic approach that showed
various vortical structures in two- or three-dimensional space using the critical point theory. Also,
Jeong and Hussain (1995) suggested a vortical structure analysis method by the A2—definition, which
has been regarded as the most practical tool to reveal the coherent structures of vortices under the
incompressible flow condition.

The objective of the present study is to characterize the whole three-dimensional wake behind
a road vehicle with the help of the A2 method and vortex line analysis, and to prove how an air spoiler
changes the wake structures. Much of the sectional data were acquired using a PIV technique along
the streamwise, spanwise and longitudinal axes and then the time-averaged data are calculated.
These data on each plane are reconstructed three-dimensionally, including all the velocity
components. The velocity component normal to the spanwise plane is obtained by interpolating the
velocities in the longitudinal plane. The velocity gradient tensor is evaluated in all directions to get
the three-dimensional vorticity components and the value of As. After validating the identification
method for vortex core by A2, sectional distributions are considered by overlapping with the
streamlines and vortex lines. Finally, the structures and characteristics of vortices are discussed and
the effects of an air spoiler on the flow fields are observed.

2. Experimental Setup and Scopes
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Fig. 1. Schematic diagram for (a) x-y, (b) y-z and (c) z-x plane measurements.

The present PIV system consists of a closed loop water tunnel, a dual head Nd-Yag laser (120 mJ), a
CCD camera (1280 x 1024 pixels), a synchronizer and a computer for image processing as shown in
Fig. 1. The experimental devices were set up as shown in Figs 1(a), (b) and (c) in order to obtain x-y,
vz and zx plane data, respectively. The dimensions of the test section, which is made from
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transparent acryl, are 700 X 100 X 150 mm3 (length x height X width). The thickness of the laser light
sheet is 1 mm or 0.9 % of the characteristic length. Two otherwise identical vehicle models, with the
only difference being the presence of an air spoiler, are fixed on the bottom surface of the test section.
The CLK-GTR model vehicle (Mercedes Benz Inc.) scaled in the ratio of 1/43 is painted in lusterless
black and has the dimensions of 112.86 X 25.56 X 45.35 mm3. The Reynolds number based on the
vehicle length is 105. Mean diameter of the seeding particle called hollow glass spheres is 10 um. The
air spoiler with the shape of an overturned airfoil is attached on the edge of the vehicle’s trunk as
depicted in Fig. 2. Boundary layer thickness in front of the vehicle is about 10 % of the vehicle height.

*x/1=0.5

Fig. 2. Configuration of the air spoiler. Fig. 3. Measurement planes behind a road vehicle.

Each of the x, yand zaxes in Fig. 3 represents the direction of length (Z), height () and width
(W) of the vehicle, respectively. The origin is set at the leading edge of the air spoiler on the
symmetric bottom plane. For the investigation of the spanwise vortices, thirteen x-y planes (63 x 50
mm?) were measured from zZ W= 0 (symmetric plane) to Z W= 0.6 at an interval of Z W= 0.05. Six yz
planes (46 x 70 mm?), which were varied from x’Z = 0 to xL = 0.5 at an interval of x’L = 0.1, were
measured to examine the streamwise vortices. Also, to study the longitudinal flow fields on the zx
plane, measurement were executed at the fourteen planes located from y/H = 0 (the bottom surface)
to y/H= 1.3 at an interval of y7/H = 0.1. A total of 488 instantaneous flow fields were captured at each
plane and processed to obtain the time-averaged data. The magnification factors for the x-y, y-zand
z-x plane were 20.0, 18.3 and 23.6 pixel/mm, respectively.

For the vector processing, a cross-correlation algorithm (Sung and Yoo, 2001) based on the fast
Fourier transform (FFT) was applied and the interrogation windows with 32 x 32 pixels overlapped
as much as 50 %. Also, window shifting and recursive correlation methods were adopted to enhance
the signal-to-noise ratio. Finally, the velocity vector retained the spatial resolution of 1.3, 1.1 and 1.1
vector/mm for the x-y, y-zand z-x planes, respectively. See our previous work (Kim et al., 2006) for
more details about the experimental system.

3. Results and Discussion

3.1 Three-Dimensional Wake and Vortex Identification

There have been many techniques to examine the three-dimensional vortical structures. The most
general method is to take out the isovorticity surface from the absolute value of vorticity |m].
However, as this technique does not clearly show vortex cores in strong shear flows, the present
study adopts the As—definition proposed by Jeong and Hussain (1995), whose method is based on the
fact that the minimum local pressure occurs at the vortex core. Here, the vortex core is defined as the
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region with the second largest negative eigenvalue of S;+Q§_, where S,-,:%(”ij"'”ji) is the

strain-rate tensor and Q; =1(u,,—u,,) is the rotation-rate tensor. To obtain the vortical structure

through the A2—definition, all the three-dimensional velocity components are needed and these are
computed by combining the sectional data. The velocities # and v are used from the x-y plane data
and the velocity w is extracted from the z-x plane data by the Lagrange interpolation method based

upon a linear shape function for a brick element. Finally, the velocity gradient tensor u; ; and the
vorticity components (@, , ®,, ®,) are calculated from the three-dimensional velocity field data to

obtain the second largest eigenvalue A2 and the absolute value of vorticity.

(a) Without an air spoiler (b) With an air spoiler
Fig. 4. Streamline patterns of the three-dimensional velocity field.

In Fig. 4, Three-dimensional streamline patterns are plotted using the reconstructed velocity
fields of the wake behind a road vehicle. The size of the recirculation zone without the air spoiler (Fig.
4(a)) is relatively small compared with that with the air spoiler (Fig. 4(b)). Shear flows from the
trunk and lateral sides of the vehicle wrap the recirculation zone. Meanwhile, when an air spoiler is
equipped on the trunk, the wing tip vortices generated at both edges of the air spoiler have a
dominant effect on the wake in the ways they lift the surrounding fluid.

(a) Without an air spoiler (b) With an air spoiler
Fig. 5. Isosurfaces of the absolute vorticity || reconstructed from the x—y and z—x plane data.

(a) Without an air spoiler (b) With an air spoiler

Fig. 6. Isosurfaces of 4, in different views calculated from the three-dimensionally reconstructed data.
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Fig. 7. Streamlines overlapped with vorticity contour in each plane
(a) without an air spoiler and (b) with an air spoiler.

Isosurfaces of || and A2 plotted at different views in Figs 5 and 6. The | w|—definition has
merit in that it shows simultaneously all of the vortical motions, but its isosurface is governed by the
largest among the three-dimensional vorticity components. Thus, in Fig. 5, the vortical structure
within the recirculation zone is not seen because of large values of the velocity gradient and vorticity
by shear flows. In other words, the isosurfaces of |®| only show some parts of streamwise vortices
formed along the shear flows, and do not show the spanwise and longitudinal vortices inside the
recirculation region. On the other hand, the A2—definition can show precisely complicated vortical
structures in the recirculation zone without expressing shear flow. Figure 6 depicts the distribution
of A2 in two eye views to identify the effect of an air spoiler on the wake.

To verify the vortex identification by the Ag2-definition, the contours of vorticity and A2 overlap
the sectional streamlines in Fig. 7 and 8. The vorticity contours in Fig. 7 result from two-dimensional
data obtained in our previous work (Kim et al., 2006) and A2 contours in Fig. 8 show the sectional
views of the three-dimensional data. It is clearly seen from the streamlines that there exists three
types of vortex; a spanwise vortex in the x-y plane, a pair of longitudinal vortices in the z-x plane, and
a pair of C-pillar or wing-tip vortices in the y-z plane. In the x-y plane of Fig. 8, the core of a large
spanwise vortex is exactly coincident with the center of the A2 contours. However, in Fig. 7, the region
of large vorticity appears in the shear flow as separated at the vehicle trunk, because the velocity
gradient is high in this region, not inside the spanwise vortex. Regarding the z-xand y-zplanes of Fig.
8, the centers of longitudinal and streamwise vortices are also located at the centers of the A2
contours. Therefore, the evaluation of the three-dimensional vortex structures given in Fig. 6 is
reasonable. The C-pillar vortices shown in the y-z plane for the case without an air spoiler, separate
at the top side of the rear window and travel downstream in the wake of a notchback vehicle
(Gilhome et al., 2001). On the other hand, with an air spoiler, they are remarkably weakened and
nearly disappear because of strong streamwise wing tip vortices with opposite rotational direction,
as shown in the figure of Fig. 8(b) (Kim et al., 2006).
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(b) With an air spoiler

Fig. 8. Streamlines overlapped with A, contours (a) without an air spoiler and (b) with an air spoiler.

3.2 Characteristics of Vortices

Since the wake of a road vehicle is intrinsically three-dimensional accompanied with complex
vortices, a systematic analysis on the flow kinematics is required to characterize the flow. Visualizing
the flow by streamlines is undoubtedly one of the clever methods, but it is hard to make out the
structures only by the streamlines when the flows are three-dimensional. In the present study, a
concept of the vortex line, which is a line whose tangents are parallel everywhere to the vorticity
vector, 1s applied in conjunction with the streamline. Since the vorticity vector is divergence-free, the
vortex line is considered as a kind of material line and circulation is conserved along the vortex tube.
The vortex line analysis has the merit that it does not depend on the frame of reference, because
vorticity is obtained from the derivative of velocity.

In Fig. 9, streamlines and vortex lines are plotted with the contours of A2 for each plane. For
each set of the streamlines and vortex lines, the figures on the left are the results without an air
spoiler and the figures on the right are the results with an air spoiler. First of all, in the x-y plane of
4 W=0.4 (Fig. 9(a)), the A2 distributions show that a large longitudinal vortex is formed just behind
the rear side. This vortex results from the separated shear flow at the sidewall. With an air spoiler, it
is clearly seen that a wing tip vortex is stretched to the downstream. Even though the streamlines in
Fig. 9(a) do not describe the longitudinal and wing tip vortices, the vortex lines clearly show the
direction of vortices. The direction of the arrow is the axis of rotation. In the region of longitudinal
vortex, the vortex lines go upward (the y direction) and in the region of the wing tip vortex, they face
downstream (the x direction). Note that without an air spoiler the vortex lines go upstream because
of the existence of C-pillar vortices. Figure 9(b) shows the results of the z=x plane of y7/H = 0.7. The
wing tip and spanwise vortices occur with the air spoiler. The vortex lines in this figure are in the
negative zdirection because of the spanwise vortex and in the positive x direction because of the wing
tip vortex. Without the air spoiler, the spanwise vortex is observed at y/ = 0.5-0.6 but it disappears
at y/H=0.7 and instead the shear flow separated on the trunk is dominant. Thus, the vortex lines are
straightforward because of the strong shear flow. Figure 9(c) shows the results of the y-zplane of x/L
= 0.2. Without an air spoiler, large longitudinal and small C-pillar vortex pairs are found. On the
other hand, an additional strong wing tip vortex pairs exists when the air spoiler is present. It is
interesting to see that without an air spoiler, the streamlines in Fig. 9(c) converge to a nearby center
of the plane. However, in the presence of an air spoiler, they go upward along the symmetry line
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Streamlines overlapped with A2—contours Vortex lines overlapped with As—contours
C-pillar vortex

(a) x-y plane at zZW = 0.4

Wing tip VOrteX ypegsmme. Spanwise vortex

C-pillar vortex Wing tip vortex Longitudinal vortex

(c) y-z plane at x/L = 0.2
Fig. 9. Streamlines and vortex lines overlapped with A,—contours in the (a) x-y, (b) z-x and (c) y-z planes.
For each set of the streamlines and vortex lines, the figures on the left are the results without an air spoiler

and the figures on the right are the results with an air spoiler.

because of the wing tip vortices. Meanwhile, the vortex lines circulate around the bottom center of
the plane. The upward and downward vortex lines on the left and right sides are a result of the
longitudinal vortices. The horizontal vortex lines in the upper side are because of shear flow. As a
result, no vortex appears in the central bottom region, since the spanwise vortex does not govern the
flow at x/L = 0.2. The existence of the wing tip vortices causes the circulating vortex line to soar.

(a) Without an air spoiler (b) With an air spoiler

Fig. 10. Isosurfaces of turbulence kinetic energy (a) without and (b) with an air spoiler.
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C-pillar vortex

Downwash flow

Wing tip vortex

C-pillar vortex

(a) Without an air spoiler (b) With an air spoiler

Fig. 11. Flow topology in the wake behind a vehicle (a) without and (b) with an air spoiler.

Since the wake is unsteady turbulent flow, turbulence kinetic energy k=1(@"+v?+w?) 1s

plotted in Fig. 10 and compared for the cases with and without an air spoiler. The value of isosurface
is set to be 0.048 m?/s2. From this figure, it is evident that the air spoiler produces much more
turbulence kinetic energy. A point in common for both the cases is that turbulence kinetic energy is
highly concentrated in the region of the longitudinal vortex, which is the strongest one in the wake.
The shapes of isosurfaces closely resemble the vortex lines observed in the y~zplane. However, in the
central region, the high turbulence energy is distributed oppositely for both the cases. Without an air
spoiler, it happens at the bottom, but with an air spoiler, it goes upward. The main reason is that the
role of C-pillar and wing-tip vortices is different. The former pushes down the wake by entraining
upside fluid and the latter attracts it to the upper direction.

From the above analysis of the vortex lines and vortex cores, the topological flow structures on
the wake behind the road vehicle are depicted in Fig. 11. C-pillar vortices are found on the trunk for
both cases but they show different behavior on the wake. For the case without an air spoiler (Fig.
11(a)), the C-pillar vortices induce strong downwash flow that suppresses the growth of the
longitudinal vortices. Thus, the flows separated from the lateral side circulate within the
recirculation zone and merged into the C-pillar vortices at the downstream. However, when the air
spoiler is installed, as drawn in Fig. 11(b), strong wing tip vortices generated from both edges of the
air spoiler are dominant and weaken the C-pillar vortices. In addition, this causes the longitudinal
vortices to be stronger which are separated from the lateral sides with reducing the downwash flow.
As a result, with the air spoiler the recirculation zone is formed higher in the vertical direction and
narrower in the spanwise direction.

In the present study, drag and lift forces are not measured but Kee et al. (2001) mentioned that
lift was decreased by reducing the magnitude of C-pillar vortices when an air spoiler or a trunk lid
kick-up was installed. They also found that an air spoiler or kick-up might reduce drag force if it was
properly designed. Cogotti and De Gregorio (2000) reported that the stronger the C-pillar vortices
were formed, the more downwash flow was generated. In this experiment, the same phenomenon is
observed as explained above. Thus, by an air spoiler, the present vehicle model could have a negative
lift force, which contributes to the driving stability.

4. Conclusions

The time-averaged velocity fields formed in the wake of a road vehicle have been measured on the
several planes along each axis using a PIV technique. To describe the vortical structures completely,
full three-dimensional velocity fields were reconstructed. The present study proved that the vortical
structures could not be identified by the isosurface of absolute vorticity, since the shear flow is strong
in the wake of a road vehicle. Instead, by means of the A2—definition, they could be captured inside
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the recirculation zone as well. Furthermore, the vortex lines can indicate the direction of rotation. By
overlapping with the vortex core defined by Az, complex vortices, which are linked to each other, are
successfully discriminated in both cases, with and without an air spoiler. The resultant change of
flow topology by the existence of an air spoiler is as follows; without an air spoiler, spanwise,
longitudinal and C-pillar vortices are observed separately, but the result with an air spoiler shows
that C-pillar vortices are weakened and strong wing tip vortices are formed instead. The main role of
the wing tip vortices is to reduce the downwash flow, which causes the longitudinal vortices
generated from the lateral sides to be higher.
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