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Abstract: To deepen our understanding of the flow field and flow mechanism of a car-like model,
in this paper, an experimental investigation of the flow field of MIRA notchback 1/8 scale model
is carried out using Particle Image Velocimetry (PIV) method. The tests are conducted in an open
circuit wind tunnel at a Reynolds number of 9.16 × 105. In order to obtain the detailed flow field
structure of the notchback model, the PIV method was used to capture the flow field images from
three orthogonal directions. By studying the vorticity and velocity vector figures of both the time-
averaged and instantaneous states, a three-dimensional flow field schematic of the notchback model
is summarized, and the formation mechanism and development process of the vortices are analyzed.
This study not only provides an intuitive display of the three-dimensional flow field structure of
the MIRA notchback model but, more importantly, it provides a reference for the development of
automobile aerodynamic drag reduction by analyzing the flow mechanism, which is beneficial to
energy conservation.

Keywords: PIV method; MIRA notchback model; 3D flow structure

1. Introduction

Work towards energy saving and emission reduction has highlighted the importance
of drag reduction research for vehicles. It should be pointed out that a comprehensive
understanding of flow around automobiles is particularly necessary, due to the close
relationships between the flow structure and aerodynamic drag. It was demonstrated in a
number of studies that the pressure drag contributes predominantly to the aerodynamic
drag, in particular at a high speed. Furthermore, the pressure drag is generated largely by
the rear of the auto-body for most sedan cars [1]. Therefore, the wake field of vehicle models
has attracted considerable attention in the drag reduction research, and a large number
of experimental and numerical investigations have been performed in the simplified
geometries [2]. The geometric characters of MIRA notchback vehicle model is similar with
that of a real vehicle. Additionally, the aerodynamics of the model are very significant, as
they can affect many aspects of vehicle performance.

A review of early work in this area can be found in Carr, which detected the existence
of a vertical vortex behind the backlight of a notchback vehicle [3]. The flow visualization
and the detailed measurements of velocity fluctuation were carried out by Nouzawa et al.,
clarifying the typical vortex patterns of wake, which were an arch-type vortex, behind the
rear window, and a trailing vortex behind the trunk deck [4]. The arch vortex had the same
structure as the vertical vortex originally recognized by Carr. In addition, Nouzawa et al.
showed that the unsteady characteristics of the wake of notchback were directly related
to aerodynamic drag through their experiments and numerical results with an unsteady
wake analysis of a notchback vehicle model [5]. In addition, they found that the arch vortex
exhibited a characteristic frequency consistent with the shedding one.
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Hucho stated that the airflow around a notchback vehicle can be characterized by
two different types of flow separation: quasi-two-dimensional and three dimensional [6].
Jenkins concluded that the existence of two streamwise vortices that extend from the deck
lid surface toward the center while moving downstream was based on the low Reynolds
number notchback model testing [7].

Based on the above research, some further analyses were provided to the wake of
notchback by Brendan et al. They investigated the unsteady behavior in the near wake,
and unveiled a new topological structure of the wake. The near-wake frequencies which
can affect ride and steering comfort were found to be 0.11U∞/XR and 0.42U∞/XR (XR-
reattachment length), respectively. The lower frequency appeared to be a result of large-
scale shedding vortex (‘hairpin’ vortex) behind the backlight or rear-window. The higher
could be attributed to the shear-layer vortices [8].

Additionally, Yoshihiro et al. unveiled the formation of three typical vortex structures
around the vehicle: the front pillar vortex travelled downstream, above trunk deck from the
roof, and enhanced the rear pillar vortex above the rear window; two clock-wise vortices
were generated on both sides of the body [9], which could also be seen in Bonitz. One
was the upper vortex, which came out and separated from the gap between the upper
rear side of the front wheel and the front wheel arch; the other was a lower vortex, which
separated from the lower front region of the front wheel [10]. A pair of counter-rotating
vortex structures existed around the floor of the vehicle. These three vortex structures and
trailing vortices (C-pillar) had an interrelationship which enhanced one another.

Cadot et al. investigated the unsteady aerodynamics force and base pressure distribu-
tion of four model cars in real conditions, and found a clear correlation between the base
pressure distribution fluctuations [11]. The side wind condition of DrivAer model was also
considered, but they did not discuss the near wake 3D structures in depth [12]. Palaskar
analyzed the combined effects of different tail taper angles and diffuser on vehicle drag,
and suggested that the optimal state of the tail taper angle is 10◦, and simply increasing
the diffuser will increase the resistance coefficient of the square-back model [13].

Notably, we need to know more about the instantaneous characteristics of the flow
field. It is important to achieve a comprehensive understanding of flow field around
automobiles. Bearman measured the wake of a 1/8 scale fastback vehicle with the method
of PIV and noted a significant difference between time-averaged and instantaneous flow
structures around the rear auto-body [14]. The instantaneous flow field showed that small
scale vortex structures were random in space and time, which had a great influence on the
characteristics of vehicle wakes. It was more complicated than the time-averaged flow field
that showed a well-defined counter-rotating vortex pair.

Yingchao Zhang at el. measured the near wake flow structure of the fastback MIRA
mode via the PIV method and CFD method, which provided insight into the complex
three-dimensional features of the flow structure in the wakes. However, some characters
can be different between the fastback and notchback cars [15].

Taking into account the above research, the purpose of this study is to further un-
derstand the wake of the notchback MIRA model through PIV measurements, and better
resolve the topological flow structure around the model in specific regions. In the light of a
highly 3D flow, the PIV measurements were not only performed in three orthogonal planes,
but also captured multiple different locations at each orthogonal plane. The instantaneous
and time-averaged characteristics of the flow field are analyzed by processing the data.

2. Methods
2.1. Wind Tunnel and Vehicle Model

Experiments were conducted in an open circuit wind tunnel with an 8 m-long × 4
m-wide × 2.2 m-high test section of Jilin University. The maximum speed of the tunnel is
approximately 60 m/s and the nozzle area is 8.4 m2. The appearance and size of an original
MRIA notchback are given in Figure 1, which is 0.521 m in length (L), 0.203 m in width
(B), and 0.178 m in height (H). As the experiment model size, the boundary layer of the
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ground may have an impact on the flow structure. Therefore, the test bench was specially
made for the notchback model to avoid the above issue, with a 2.4-m-long × 1.2-m-wide
× 1.0-m-high thin flat plate located in the middle of wind tunnel (Figure 2). Additionally,
the notchback model was placed on the longitudinal center of symmetry with a 350 mm
distance from the front edge of the flat plate. Measurements were conducted at the free
stream velocity which is 27.78 m/s, whose Reynolds number ReL is 9.16 × 105, where
superscript ‘L’ denotes that this value is based on vehicle length L. The effect of Reynolds
number on the flow will not be researched in this paper, but some experimental work has
been completed regarding the drag coefficient of the 1/8 MIRA notch at different velocities
included U∞ = 16.67 m/s, 22.22 m/s, 27.78 m/s, 33.33 m/s, and 38.89 m/s. Additionally,
limited drag coefficient shows a variation, albeit slightly, with increasing Re. The work
suggests that the overall flow structure does not change significantly with the flow velocity,
but it is uncertain that small changes in flow characteristics as a function of Reynolds
number may exhibit [16]. This study will be continued in the future. The blockage ratio of
the frontal surface of the model to the cross-sectional area of the wind tunnel above the flat
plate was less than 1%, not exceeding 5%.

Figure 1. (a) Original size of MIRA notch back model; (b) 1/8 scale test mode in wind tunnel.

Figure 2. Cont.
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Figure 2. PIV measurements in three orthogonal planes: (a) y–z planes; (b) x–z planes; and (c) x–y
planes.

2.2. PIV Measurements

Tracing particles are seeded in the flow field equably in order to illustrate flow in-
formation. At some point, laser generator emits two pulses in a short time interval dT to
illuminate the same plane which is selected to be measured, so that tracing particles can
be captured by camera at the same time. With two pictures, displacement of each particle
inside the plane in two orthogonality directions, ∆x and ∆y, can be obtained. Then, if dT
can be small enough, instantaneous velocity component in x and y direction, uins and vins,
would be approximate by average velocity component uave and vave, respectively, which
can be calculated by the following equation:

uins ≈ uave = ∆x
dT

vins ≈ vave = ∆y
dT

(1)

With the velocity components calculated, vorticity is quite easy to be obtained. As we
all know, vorticity is one of the most important methods to describe the swirl flows; it is
rational and efficient to use vorticity as a measure of vortex identification. However, as
vorticity fails to recognize the shear flow in the average processing, time-averaged velocity
streamline and iso-contours of time-averaged streamwise velocity were calculated in this
paper.

TSI PIV system was used to measure the flow around the notchback model. The
schematic diagram of experimental setup is shown in Figure 2. The flow was illuminated
using two Nd-YAG lasers, each with a maximum energy output of 200 mJ/pulse. The
output beams were shaped into a 2 mm thick laser sheet normal to the free stream by a
cylindrical lens. The lasers were synchronized to illuminate the flow twice, with a short
time delay between the two exposures. Pulse interval value (dT) in these experiments
were set to 15 µs and the time resolution of the PIV system was 3.75 Hz. The paraffin oil
particles with an average diameter of 2–5 µm were released into the flow field by a smoke
generator. The light scattered by the seeding particles was photographed with a CCD
camera (TSI PIVCAM13-8, 1280 × 1024 pixels). The field of view of PIV images was about
350 × 300 mm. The number of images must be large enough to resolve the time-averaged
and instantaneous flow fields [17]. Therefore, in total, 1200 PIV images were photographed
at each plane.

Before taking these images, the length of images was marked by ruler. With images
captured, cross-correlation algorithm was processed with 32 × 32 pixels in interrogation
windows. Additionally, Fast Fourier Transformation was adopted with 50% overlap. In
post processing, the vectors are compared against the neighboring vectors. Vectors that vary
by more than the validation tolerance (default in Insight Software) from the neighborhood
average, are removed. This neighborhood check enforces continuity on the flow. Places
that are left empty can be filled in by interpolating the neighboring vectors to achieve the
best estimate of the velocity at that point.
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Figure 2 shows the definition of the right-handed Cartesian system (x, y, z), with the
origin O at the midpoint of the upper edge of the model vertical base [18]. It is defined such
that x, y, and z which are set up along the longitudinal, spanwise, and vertical directions,
respectively. In order to capture the highly 3D flow structure accurately, PIV measurements
were executed in a number of planes, including the x–z plane at y/H = 0(symmetry plane)
and y/H = 0.28; the x–y plane at z/H = −0.34, z/H = −0.19, z/H = −0.08, and z/H = 0.18;
and the y–z plane at x/H = −0.7, x/H = −0.39, x/H = −0.11, x/H = 0.28, and x/H = 0.67,
respectively. Different measurement planes are shown in Figure 3. For the measurements
in the y–z plane, a camera was vertically placed at around x = 2000 mm behind the laser
sheet, and it was equivalent to 4 times of vehicle lengths. When performing longitudinal
measurements, the camera effect on the flow field should be small enough.

Figure 3. Different plane locations in three orthogonal planes: (a) Longitudinal planes; (b) Spanwise planes; and (c) Trans-
verse planes.

The PIV data were processed by Insight software from TSI. Additionally, the 1200 PIV
images of each plane were averaged to one time-average image.

3. Analysis of Longitudinal Structures (y–z Planes)

In the wake of MIRA notchback model, the longitudinal flow field can be discussed
by observing the cross-section flow field parallel to the air flow direction, which is the most
able to reflect the structure and the formation process of the flow field behind the vehicle.
Additionally, a series of instantaneous flow field shows a very complex, random variation
of the vortex structure and vortex formation, shedding process, which cannot be seen from
time-averaged flow field, while the time-averaged flow field shows a stable and complete
vortex structure that is also useful for the analysis of instantaneous flow. Therefore, the
instantaneous flow information of five different cross-sections was also collected at the
longitudinal direction.

3.1. Time-Averaged Flow

Time-averaged flow were obtained by averaging the 1200 images captured. Figure 4
shows the iso-contours of time-averaged streamwise vorticity ω in the y–z plane at
x/H = −0.7. A solid line means positive vorticity rotating counter-clockwise. A dashed line
means negative vorticity rotating clockwise. We can attribute the half-baked line to the in-
tersecting of the cross-section and the model body. There is a pair of small counter-rotating
vortices marked with C appearing on both upper sides of the C-pillar of the vehicle. As
the airflow flows through the C-pillar, the airflow from the body side forms a separated
shear layer over the C-pillar and rolls up into cone-shaped, streamwise vortices which can
also be seen in Figure 5. This is the beginning of the formation of the well-known C-pillar
vortices.
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Figure 4. Iso-contours of time-averaged streamwise vorticity,ωx in the y–z plane at x/H = −0.7. Min-
imum and incremental values of vorticity areωx,min = −45.221 s−1, 27.221 s−1, and ∆ωx = 20.430 s−1,
respectively.

Figure 5. Iso-contours of time-averaged stream-wise vorticity,ωx in the y–z plane at x/H = −0.39.
Minimum and incremental values of vorticity are ωx,min = −46.747 s−1, 48.778 s−1, and
∆ωx = 28.748 s−1, respectively.

As shown in Figures 5–7, the size of the C-pillar vortex further enlarges while moving
backward from x/H = −0.7 to x/H = −0.11, and the vorticity increases by more than 200%.
At the same time, the locations of vortex cores are downward tilted from z/H = 0.23 to
z/H = 0 with increasing x due to the flow separation and the effect of downwash flow.
Moreover, in the next Figures 7 and 8, these vortices grow in both vorticity strength and
size while running downstream, and then form a pair of long drag vortices. Eventually, the
pair of counter-rotating vortices decays in the far wake.

Besides the C-pillar vortex, another pair of interesting vortices appears below the
upper edge of the back window and above the C-pillar vortex, shown in Figure 5 and
marked by A. As the flow from the front of the wind shield separates from the A-pillar, it
forms the A-pillar trailing vortices. These vortices trail along the side glass and move over
the roof, then appear in the wake above and inside the C-pillar vortices (Figures 6 and 7).
The shape of the autobody can make a great influence on the development and movement
of A-pillar vortices [15,19].

As a result of the interference of both the airflow from body sides and the wash airflow
from body bottom occurs at the rear wheels at x/H = 0.28 (Figure 7), it causes airflow
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separation and merging, resulting in a very complex vortex structure behind. Firstly, a pair
of vortex structures marked by E are captured in the middle of the vehicle tail. Ahmed
researched that a separation occurring at the blunt edges of the body forms a recirculation
region characterized by two small inner vortices, a so-called recirculation bubble A and B
(not shown), which is formed by the inner part of shear layers rolling up from the upper
and lower edges of the vehicle base [20]. As shown in Figure 7, the mechanism of vortex E
is same as the recirculation bubble A, which is formed by the downwash shear layer rolled
up from the trunk deck, and the downward trend of the C-pillar vortex forces vortex E to
the middle location of the tail. Combining with the vertical section in Figures 16 and 17,
and the vertical section vortex structure in Figure 27, we can see that the shape of vortex
E shows a pair of L type, and the size of vortex, from the vertical tail center to the side of
the body, becomes gradually smaller, as shown in Figure 9. The C-pillar downwash vortex
squeezes both the side vortex and vortex D, mentioned later.

However, in Figure 7, there is not a complete vortex similar to vortex B of Ahmed
model [19]. On the contrary, there are many vortices (marked with F) around the lower
edge of the tail, which tend to occur alternately and be aligned in a row.

Figure 6. Iso-contours of time-averaged streamwise vorticity,ωx in the y–z plane at x/H = −0.11. Min-
imum and incremental values of vorticity areωx,min = −45.178 s−1, 50.476 s−1, and ∆ωx = 59.102 s−1,
respectively.

Figure 7. Iso-contours of time-averaged stream-wise vorticity,ωx in the y–z plane at x/H = 0.28. Min-
imum and incremental values of vorticity areωx,min = −65.067 s−1, 56.812 s−1, and ∆ωx = 91.841 s−1,
respectively.
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Likewise, as a result of the tail upturn angle, a new pair of highly concentrated,
counter-rotating, large-scale vorticity appear, marked by D in Figure 8, which are similar
to the C-pillar vortex and have not been researched in detail to date. They come from the
merger of shear layers from tail upturn angle and body side, then extend and develop
into a pair of longitudinal trail vortex. The vortices D are located at the lower end of the
C-pillars vortex, which is weaker in vorticity strength and smaller in size than C-pillar
vortex. Moreover, the rotation direction of vortex D and the C-pillar vortex are contrary.
Nevertheless, the C-pillar vortex and vortex D also have interaction and influence in the
process of their formation and development, which will be described later. In addition, one
vorticity concentration, marked by I, appears around vortex D, along each side surface of
the model, which probably results from the shear layer developed over the side surface of
the model and merges with vortex D and vortex I gradually.

Finally, there are also some interesting vortex structures developed at the vehicle
underside clearance and the rear wheels. In Figures 7 and 8, we can see there is a pair of
vortices G between the ground and the model underside, which is related to the shear layer
flow, apparently slowed down in the gap, leading to the pressure difference inside and
outside of the gap. In the end, the shear layer rolls up to a pair of longitudinal vortices G.
The maximum vorticity concentration of vortices G is about 25% of the C-pillars’ and it
gradually merges with vortex D.

Figure 8. Iso-contours of time-averaged stream-wise vorticity,ωx in the y–z plane at x/H = 0.67. Min-
imum and incremental values of vorticity are ωx,min = −9.804 s−1, 17.676 s−1, and ∆ωx = 24.774 s−1,
respectively.

Figure 9. Schematic of vortex E with “L” type.
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3.2. Instantaneous Flow

From Figure 10, one row of small, alternately signed vortices occurs at the upper
edge of the back window, and develops downstream gradually in Figure 11, which does
not appear in the time-averaged flow field shown in Figure 4 or Figure 5 due to the fact
they tend to offset one another in the averaging process. As shown in Figure 12a, its
characteristics are similar with a spanwise roll vortex wrapped with the rib structure on
the upper edge of Ahmed model, with the slant of α = 35◦ [17]. It occurs due to the flow
separation from the upper edge of the back window and is absorbed by the A-pillar vortex
gradually, in the process of extending downward, as seen in in Figure 13.

Figure 10. Iso-contours of instantaneous stream-wise vorticity, ωx in the y–z plane at x/H = −0.7.
Minimum and incremental values of vorticity are ωx,min = −185.343 s−1, 215.220 s−1, and
∆ωx = 143.058 s−1, respectively.

Figure 11. Iso-contours of instantaneous stream-wise vorticity,ωx in the y–z plane at x/H = −0.39.
Minimum and incremental values of vorticity are ωx,min = −347.552 s−1, 370.918 s−1, and
∆ωx = 128.298 s−1, respectively.
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Figure 12. Schematic of the separated spanwise roll wrapped with the rib structure. (a) spanwise roll
with the rib structure occurring at the upper edge of the back window; (b) spanwise roll with the rib
structure occurring on the lower edge of the model rear.

Figure 13. Iso-contours of instantaneous streamwise vorticity ωx in y–z plane at x/H = −0.11.
Minimum and incremental values of vorticity are ωx,min = −251.859 s−1, 257.007 s−1, and
∆ωx = 141.352 s−1, respectively.

The C-pillar and A-pillar vortices are identified easily with a pair of the most highly
concentrated, counter-rotating, large-scale vortices in Figure 13. These results indicate that
the longitudinal structures are very stable in space. Additionally, we can also find that the
maximum instantaneous vorticity concentration of the C-pillar and the A-pillar is greater
than the time-averaged one. The instantaneous flow is characterized by chaotic variation in
order, and it represents just a certain moment of vorticity rather than the average vorticity
of a period of time.

Typical instantaneous vorticity at x/H = 0.28 is exhibited in Figure 14. The main
features are consistent with the time-averaged flow shown in Figure 9. Firstly, the shape
and location of the C-pillar and E vortices are similar. The maximum vorticity concentration
of the C-pillar vortex is quite high, but the size is not large and resembles a strip. This due
to the separation of A-pillar after leaving the model, resulting in the vorticity of fluctuation
being counteracted while averaging. Secondly, there is a row of small, dispersed vorticity
concentrations occurring on the lower edge of the model, which is consistent with its
counterpart in Figure 7, implying that the vortices F structure is closely affected by vortex
E, and its feature is a wavy, spanwise roll with the rib structure in Figure 12b. The influence
from vortex D also cannot be ignored. However, the tail upturn angle may be the most
important factor leading to the F vortex structure. Although the vortices under the model
are very messy, the structure of vortex D is visible.
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Figure 14. Iso-contours of instantaneous streamwise vorticity ωx in y–z plane at x/H = 0.28.
Minimum and incremental values of vorticity are ωx,min = −230.944 s−1, 280.708 s−1, and
∆ωx = 225.428 s−1, respectively.

As shown in Figure 14, the instantaneous flow seems to be random, but reveals the
leaves out of the back window interaction relationship between the C-pillar vortex and
vortex D. We can see that the vortex core of the C-pillar is surrounded by many small
positive and negative vortex structures, and vortex D is scattered. To take the right part
vortices of Figure 15 as an example, the C-pillar vortex and vortex D are counter-rotating.
At the junction of the two vortices occurs a strong interlacing, leading to many respective
sub-vortices. Moreover, as the size and vorticity of the C-pillar vortices are much larger
than vortex D, it plays a dominant role relative to vortex D, and the C-pillar vortex cores
are rounded by most of the sub-vortices. Additionally, the two C-pillar vortices may also
separate and generate sub-vortices. Therefore, it can be seen that the C-pillar vortex and
the D vortex extend in opposite directions in the longitudinal direction, accompanied by
mutual shearing action. The analysis of the instantaneous flow unveils the formation and
detachment of the vortex, which makes us understand the formation mechanism of the
vortex more clearly.

Figure 15. Iso-contours of instantaneous streamwise vorticity ωx in the y–z plane at x/H = 0.67.
Minimum and incremental values of vorticity are ωx,min = −406.435 s−1, 284.304 s−1, and
∆ωx = 236.474 s−1, respectively.
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4. Analysis of Spanwise Structures (x–z Planes)
4.1. Time-Averaged Flow

As shown in Figures 16 and 17, we can clearly see the flow characteristics of spanwise
structurers near wake. The airflow over the roof of the model separates at the upper
edge of back window. Then, the airflow leaves from the back window and develops
into a long downwash flow. Observing the shape of this vortex in Figures 16 and 17,
the characteristic of middle part is thick and long, but vortices at both sides are thin and
short. This phenomenon may be closely connected with the C-pillar vortex and the A-pillar
vortex.

Figure 16. Iso-contours of time-averaged streamwise vorticity ω in x–z plane at y/H = 0. Minimum
and incremental values of vorticity areωy,min = −179.091 s−1, 337.075 s−1, and ∆ωy = 143.379 s−1,
respectively.

Figure 17. Iso-contours of time-averaged streamwise vorticity ωy in x–z plane at y/H = 0.28.
Minimum and incremental values of vorticity are ωy,min = −263.339 s−1, 503.642 s−1, and
∆ωy = 188.227 s−1, respectively.

As the separated shear layer reattaches to the back window, it produces a big recircu-
lation region (Figure 18). (It seems that the streamlines protrude into the geometry, which
can be explained by the errors of PIV data acquisition. On the other hand, some extensions
or deviations may be possible while drawing curves.) There are some small vortices below
the recirculation zone marked by hairpin vortex R (Figure 16). These vortices are driven by
the shear layer.
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Figure 18. Time-averaged velocity streamline in x–z plane at y/H = 0, colored with velocity magni-
tude (Vel Mag, m/s).

Additionally, in Figure 16, vortex E begins to extend down from the upper edge
of trunk deck. Meanwhile, it appears to present a triangle vortex occupying 2/3 of the
wake region. However, on both sides of the trunk deck (Figure 17), the shape of vortex
E presents a strip structure, and the vorticity strength is also reduced. In addition, along
the tail upturn angle, the airflow separating and rolling up forms a long vortex structure
(Figure 16). However, it undergoes a rapid decrease in terms of the maximum vorticity and
length of the concentration (Figure 17). The variation in shape and the vorticity strength of
these vortices is due to the C-pillar as well as the A-pillar absorbing the part of vorticity. It
is worth noting that vortex ‘E’ produces a much stronger vorticity concentration on the
x–z plane than on the y–z plane (Figure 7). This indicates that its structure is mainly in the
spanwise orientation.

Similar to the averaged velocity streamlining at y/H = 0 exhibited in Figure 18, two
different recirculation bubbles appear behind the model tail, which separate from the
upper and the lower edges and are called the vortices E and F, respectively. However, in
the iso-contours of time-averaged streamwise velocity at y/H = 0 (Figure 19), there only
exists one large recirculation bubble with very low velocity; the other has disappeared.
Therefore, it is evident that vortex E accounts for a leading role in wake and influences the
development of vortex F.

Figure 19. Iso-contours of t time-averaged streamwise velocity in x–z plane at y/H = 0.
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Finally, in Figure 16, there is a very long vortex structure behind the wheel, which is
vortex G. It has a great impact on the development of the C-pillar vortex, and even the
entire wake flow field.

4.2. Instantaneous Flow

The hairpin vortex on the back window seems to be very stable circulation vortex. In
fact, it has a certain formation and shedding cycle, which is presented in instantaneous
flow field. Figure 20 (not consecutive in time) illustrated a certain time of continuous
instantaneous vorticity. In picture (a), a small vortex highlighted by a red-colored broken
forms in the early period. With the shear layer rolling up from the back windows, two
circulation vortices grow up and appear on the back window shown in picture (b), then
they reattach to the deck lid and move backward gradually in picture (c). Next, the vortices
leave out the deck lid and, one by one, disappear in the wake, shown in pictures (d) and
(e). Finally, another new vortex appears in the picture (f) as the previous separation. It is
deduced that a new vortex reforms on the back window only after a vortex shedding from
the deck lid.

Figure 20. Cont.
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Figure 20. The hairpin vortex shedding sequence at y/H = 0. Minimum and incremental values of vorticity are
ωy,min = −542.159 s−1, 539.48 s−1, and ∆ωy = 300.455 s−1, respectively. (a–f) shows the certain formation and shed-
ding cycle of the hairpin vortex.

As shown in Figure 21, in the continuous variation of the instantaneous flow, some
typical characteristics of vortex structures are similar with the time-averaged feature, such
as vortex E but, in fact, they are in a cycle of forming, shedding, and disappearing.

Figure 21. Iso-contours of instantaneous streamwise vorticity, ωy in x–z plane at y/H = 0.28.
Minimum and incremental values of vorticity are ωy,min = −251.519 s−1, 407.288 s−1 and
∆ωy = 235.288 s−1, respectively.

Figure 21 shows representative instantaneous vorticity in the near wake of the x–
z plane at y/H = 0.28, which is similar to the x–z plane at y/H = 0 and unveils some
interesting phenomenon. The downwash airflow over the roof reattaches to the deck lid
and absorbs vortex E, so that there is no obvious vortex structure behind the tail. Meanwhile,
the upwash airflow under the model crashes the downwash flow at x/H = 0.28 acutely,
generating some separation vortices. According to the above analyses, the formation and
development of vortex E mainly occurs at y/H = 0. Both the downwash flow and the
C-pillar vortex have strong impacts on vortex E.
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5. Analysis of Vertical Structures (x–y Planes)
5.1. Instantaneous Flow

The iso-contours of instantaneous vertical vorticityωz in the x–y plane at z/H = 0.18
(Figure 22) shows that the shear layer from both sides of the cabin makes a separation, and
some part of the shear layer is involved in the formation of C-pillar vortex. Some part of
the shear layer merges with the separation flow coming from the roof, which generates a
big recirculation region behind the back window, as shown in Figure 16. The last part of
the shear layer connects with the A-pillar vortex. From Figure 22, we can find the airflow
on both sides moved gradually to the middle by the pushing from the development of the
C-pillar vortex which is similar with the flow path of the A-pillar. Therefore, it is inferred
that the airflow merges together with the A-pillar vortex making the size and vorticity
strength of the A-pillar vortex larger and stronger (Figure 6). Subsequently, the A-pillar
vortex becomes a pair of small vortices in Figure 7. At last, the A-pillar vortex goes down
and disappears in the C-pillar vortex resulting from the pushing of downwash flow. In
addition, in Figure 8, we can still find the weak A-pillar vortex appears at x/H = 0.67,
which indicates that the A-pillar vortex may also has a long tail.

Figure 22. Iso-contours of instantaneous streamwise vorticity, ωz in x–y plane at z/H = 0.18.
Minimum and incremental values of vorticity are ωz,min = −405.572 s−1, 329.056 s−1, and
∆ωz = 169.530 s−1, respectively.

Observing Figure 22 again, the right side shows four alternately signed vertical
vortices behind the tail, which corresponds well to Figure 14. That is the instantaneous
feature of the A-pillar vortex. Additionally, a series of vortices with alternating directions
of rotation appears behind the back window, which are just the vortices, highlighted by
thick red broken line, which appeared in Figure 11, proving the existence of a spanwise rib
structure.

As in the y–z plane at z/H = −0.08 (Figure 23), the instantaneous flow structure seems
complicated. There are two vorticity strips with higher energy on the sides of the model,
which are located at y/H≈−0.56 and 0.56 symmetrically, apparently corresponding to
vortex I (Figure 8). The strip structures appear to break down into some patches. This
is likely due to the interaction with the C-pillar vortices and vortex D. It is worth noting
that those patches may be the separation vortices around the C-pillar vortex in Figure 15,
and vortex I is also involved in the interlacing between the C-pillar vortex and vortex D
mentioned above. A row of strip vortices marked by dotted line tends to occur alternately
on the inner side of position of the A-pillar vortices due to the interactions between the
C-pillar vortex and vortex E, possibly also influenced by vortices I on sides. The strip
vortices not only extend streamwise, but also develop downward with the increasing x.
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Figure 23. Iso-contours of instantaneous streamwise vorticity, ωz in x–y plane at z/H = −0.08.
Minimum and incremental values of vorticity are ωz,min = −478.213 s−1, 474.689 s−1, and
∆ωz = 190.581 s−1, respectively.

Compared with Figure 23, the vortices structures in Figure 24 are more complex. The
same is that two highly concentrated vorticity strips appear in the same location. The
difference is that the alternating band vortex on the inner side of the tail obviously increases,
due to the effect of vortex D, the C-pillar vortex, and vortex E, etc.

Figure 24. Iso-contours of instantaneous streamwise vorticity ωz in x–y plane at z/H = −0.19.
Minimum and incremental values of vorticity are ωz,min = −650.890 s−1, 449.812 s−1, and
∆ω = 253.948 s−1, respectively.

5.2. Time-Averaged Flow

The corresponding mean vorticity field can be explained in consideration of the
instantaneous vertical structures. In all cases, the iso-contours of time-averaged vorticityω
in the x–y plane are approximately symmetrical about y/H = 0. In Figure 25, it can be seen
in to two large vortices behind the back window, covering the whole deck lid.
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Figure 25. Iso-contours of time-averaged streamwise vorticity,ωz in the x–y plane at z/H = 0.18. Min-
imum and incremental values of vorticity areωz,min = −66.086 s−1, 69.512 s−1, and ∆ωz = 79.165 s−1,
respectively.

In Figure 26, two strip structures are shown on each side of y/H = 0. The outer strip
structures resulted from vortex I and then gradually merge with the C-pillar vortex. The
inner strip structures in the opposite direction may be due to the interaction of the C-pillar
vortex and vortex E, but the influence from I could not be excluded. There is a blank area
between the two inner strips.

Figure 26. Iso-contours of time-averaged streamwise vorticity,ωz in the x–y plane at z/H = −0.08.
Minimum and incremental values of vorticity are ωz,min = −119.654 s−1, 132.170 s−1, and
∆ωz = 96.175 s−1, respectively.

In Figure 27, the x–y plane at z/H = −0.19, the outer strip shows about 250 s−1 higher
in vorticity strength, and still results from vortex I. However, the end of the outer strip
merges with vortex D. Near the outer strip there is a small vortex which, associated with the
C-pillar vortex, may be also the inner strip in Figure 26. In addition, there are two vortices
with L style in the tail of model. They clearly come from vortex E, supporting the assertion
that vortex E occupies a large part of the model tail, and vortex F does not completely
appear behind the model tail in Figure 28. It must be explained that, in Figure 27, as the
PIV experiment has a bright spot on the model at y/H = 0.56, the data regarding vortex I at
y/H = 0.56 were affected slightly. However, the wake structure is symmetrical with the
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flow structure at y/H = −0.56, and it does not affect the characteristics of other vortices in
the graph.

Figure 27. Iso-contours of averaged streamwise vorticity, ωz in x–y plane at z/H = −0.19. Minimum
and incremental values of vorticity are ωz,min = −100.539 s−1, 98.948 s−1, and ∆ωz = 117.932 s−1,
respectively.

Figure 28. Iso-contours of averaged stream- wise vorticity,ωz in x–y plane at z/H = −0.34. Minimum
and incremental values of vorticity are ωz,min = −103.715 s−1, 119.761 s−1, and ∆ωz = 58.150 s−1,
respectively.

In Figure 28, it is similar with the structure in Figure 26. The outer strip mainly
originates from vortex I and the interaction between vortex I and vortex D. The inner strip
structure is determined from vortex I and vortex D.

6. Conclusions

The wake flow of the 1/8 scale MIRA notchback model has been investigated in
detail using the PIV method to obtain complete pictures of both the instantaneous and the
time-averaged flows in three orthogonal planes. The investigation not only revealed the
unknown instantaneous flow around the notchback, but also enriched our knowledge of
the time-averaged flow, as seen in the summary and induction in the schematic of the flow
structure in Figure 29. The analysis and part of the flow mechanism are summarized as
follows:
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1. A-pillar vortex extends backwards along both sides of the roof and meets with shear
airflow on both sides of the body at the back. A pair of longitudinal vortices with
small scale forms and then moves toward the middle of the tail under the compression
of the C-pillar vortex. Finally, under the action of the downwash airflow, it flows into
the tail flow and disappears;

2. There are two recirculation bubbles appearing behind the model tail due to the
flow separation from the upper and the lower edges, referred to as vortices E and F,
respectively. Additionally, the structure of vortex E resembles an L type, rather than
the horseshoe type. The F vortex is composed of a row of alternating small vortices,
which is characterized by a vortex with a rib structure in the vertical direction and a
wave shape;

3. Due to the upward angle of the tail of the MIRA model, a pair of predominant
longitudinal 3D vortices similar to the C-pillar vortex, namely the D vortex, appears
in the tail flow field structure. Additionally, C-pillar vortex contributes more energy
than the D vortex. A pair of vertical separation vortices, namely I vortex, generates
due to the airflow separation on both sides of the tail of the model;

4. Between the ground and the model underside, due to the flow pressure difference
between the inside gap and the outside, the shear layer eventually rolls up into a pair
of longitudinal vortices Gt;

5. The instantaneous flow shows a certain formation and shedding cycle of the hairpin
vortex. It is deduced that a new vortex reproduces on the back window only after a
vortex sheds from the deck lid.

In conclusion, this paper visually shows the flow structure of the MIRA notchback
model and analyses the flow mechanism. It provides a reference for the development of
automobile aerodynamic drag reduction, which is conducive to energy conservation.

Figure 29. Flow structure schematic of MIRA notchback model.
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