Experimental Thermal and Fluid Science 38 (2012) 115-126

journal homepage: www.elsevier.com/locate/etfs

Contents lists available at SciVerse ScienceDirect

Experimental Thermal and Fluid Science

erimental
d

PIV studies around a bus model

Cahit Gurlek?, Besir Sahin®*, Gokturk Memduh Ozkan "

2 Cumhuriyet University, Faculty of Engineering, Mechanical Engineering Department, 58140 Sivas, Turkey
b Cukurova University, Faculty of Engineering and Architecture, Mechanical Engineering Department, 01330 Adana, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 7 April 2010

Received in revised form 23 July 2011
Accepted 30 November 2011
Available online 9 December 2011

The three-dimensional flow structures around a bus model have been investigated experimentally. The
time-averaged and instantaneous velocity vector maps, vorticity contours, streamline topology and other
turbulent quantities were obtained using the particle image velocimetry (PIV) technique. The measure-
ments were carried out in vertical, horizontal and cross-sectional planes. The three-dimensional wake

region was asymmetric in the vertical plane while the wake flow was almost symmetric in the horizontal
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plane. In cross-planes the flow field downstream of the model is dominated by a pair of counter rotating
vortices originating from the bottom and upper corners of the model.
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1. Introduction

Land transportation is the most widely used passenger and
freight transportation in Turkey and 95% of total of passenger trans-
port performed by road. It is known that a 10% drag reduction leads
to approximately a 5% reduction of the fuel consumption of a bus at
a common highway speed [1]. An estimated total savings of $100
million per year can be recognized in Turkey alone for just a 5%
reduction in fuel use in intercity passenger transportation by buses.

Vehicle aerodynamics has become more important due to fuel
prices and environmental pollutions in recent years. Due to these
reasons, aerodynamics of ground vehicles has been studied experi-
mentally and numerically by many researchers. Most previous
studies have used simplified vehicle models that can generate sim-
ilar features of the flow around real vehicles [2-6]. The best known
simplified vehicle is the Ahmed body, following the study by
Ahmed et al. [2]. The flow field in the wake region is characterized
by a pair of horseshoe vortices (situated one above the other) and
trailing vortices emanating from the slant side edges. Duell and
George [3] presented results of flow measurements in the near
wake of a bus-shaped ground vehicle based on the Ahmed body.
They measured vortex shedding at a dimensionless frequency and
Strouhal number St=1.157 at the beginning of the shear layer
where the model boundary layer separates from the body. Vortex
pairing was observed close to the free stagnation point, resulting
in the halving of the characteristic frequency. The periodic pumping
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caused interaction of the upper and lower portions of the ring
vortex at St = 0.069, resulting in periodic base pressure fluctuations.
Spohn and Gillieron [4] studied the complex flow phenomena
occurring around the simplified geometry of the road vehicle via
a flow visualization water tunnel based technique. They found that
the near-wake flow was dominated by a pair of counter-rotating
trailing vortices, which was bounded by a central separation bubble
that enclosed a flow reversal region. Although the Reynolds number
based on the incoming flow velocity and the length of the bluff body
was about 3 x 10%, it was concluded that the position and topology
of the flow structure are in good agreement with the previous stud-
ies, and the use of low speed water tunnels appears to be a useful
tool to complement wind tunnel studies. The flow structure around
a rectangular shaped bus model has been investigated experi-
mentally by Gurlek et al. [7] using PIV measurements and the flow
visualization technique. It is reported that a large reverse flow
region is observed on the model roof at the vertical symmetry
plane. The separated leading edge shear layers reattached approxi-
mately at the same locations both on the roof and vertical side walls
of the model due to the geometrical similarity. The distance of the
reattachment point to the leading edge was x/H = 1.3. A shear layer
emanating from the top side of the model dominated the wake re-
gion downstream of the model with a larger length scale compared
to the underbody shear layer. The rates of fluctuations are higher
along the upper shear layer due to the high rate of momentum. Drag
reduction is one of the main objectives of academic and industrial
research. A comprehensive study of aerodynamic drag-reduction
devices for ground vehicles can be found in [8].

Flow fields around simplified ground vehicles have been inves-
tigated by a large number of numerical studies to validate CFD
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Fig. 2. Location of the model in the water channel (side view).

technique using different turbulent models [9-12]. Krajnovic and
Davidson [10] analyzed the flow around a simplified bus model
in order to use the large-eddy simulation method (LES). Mecha-
nisms of the formation of flow structures, instantaneous and
time-averaged flow features were verified with the previous exper-
imental results. The computed aerodynamic forces and their time
history were used to reveal the characteristic frequencies of the
flow motion around the body. They also reported that at the
Reynolds number of 2.1 x 10° (based on the model height and
the incoming flow velocity), the flow produced features and
aerodynamic forces relevant for the higher Reynolds numbers.

The main goal of the present research is to visualize the flow
structure quantitatively around a bus model using a laser based
particle image velocimetry (PIV) technique. The previous studies
on wakes generated by bluff-bodies have generally concentrated
on studying the frequency of vortex shedding, drag coefficient, base
pressure, location of flow separation points, development of the vor-
tex structures and the wake spread rate. The present investigation
aims to gain further insight into the vortical flow mechanism that
affects instantaneous patterns of vorticity concentrations. Patterns
of instantaneous vortices and distributions of velocity vectors of
wake flow regions and turbulent statistics are studied to reveal the
detailed features of the instantaneous flow structure. It is also aimed
at providing an experimental database that can be used as a
benchmark to validate CFD simulations.

2. Experimental arrangement

The experiments were performed in a free surface water channel
with a working section 1000 mm wide, 750 mm deep, 8000 mm
long and a freestream turbulence level of less than 0.5%. The water
height was maintained at an elevation of 400 mm. Throughout the
experiments, an inflow velocity U = 0.183 m/s was employed, yield-
ing a Reynolds number, Re = 1.2 x 10* based on model height. The
bus model is shown schematically in Fig. 1. The length, height and
width of the model were L =175 mm, H=66 mm and W =56 mm,
respectively. The model used in this work was intended to represent
a medium sized bus. The model was one-fortieth of the bus which
was under considerations, which assuming a typical travelling speed
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Fig. 3. PIV measurement planes.
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Fig. 4. Boundary layer profile in front of the model.

of 90 km/h, gives a prototype Re = 4.4 x 10°. This is significantly dif-
ferent from the prototype conditions, one consequence of which is
that the characteristics of wake region for a rounded afterbody are
sensitive to the Reynolds number [10,13-16]. Despite this differ-
ence, we contend that the current work is complementary to CFD
simulations and wind tunnel experiments for understanding the
general wake flow phenomenon. For the present experiments the
bus model was mounted on a 2 m long ground board in the test sec-
tion of the water channel to simulate ground effects. The ground
board spans the cross section of the tunnel and has a rounded
leading edge to avoid flow separation. There are numerous methods
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Fig. 5. Patterns of time-averaged velocity vector maps (V), streamlines (i) and vorticity contours () in the vertical symmetry plane z = 0. Minimum and incremental values

of vorticity are (W) =+2s ' and A{w)=2s"".

for simulating the real road conditions where vehicles move relative
to the stationary road. The moving belt and a stationary elevated
ground plane are the most widely used real road simulation tech-
niques in numerical and experimental studies. Studies of road ef-
fects on the flow around ground vehicles showed that a moving
ground has insignificant effects on the vehicle wake flow [17-19].
Our experimental set-up with an elevated stationary ground board
is adopted as the simplest way to represent the road by some other

authors [20-23]. Fig. 2 shows the location of the model in the water
channel. The measurements were carried out in vertical, horizontal
and cross-sectional planes (Fig. 3). The velocity fields were mea-
sured by Dantec PIV system which consisted of a dual-head Nd:YAG
laser, a high resolution CCD camera, a synchronizer and optics. The
Nd:YAG laser provided a maximum output energy of 120 m] per
pulse. The CCD camera had a spatial resolution of 1024 x 1024 pix-
els with a maximum frame rate of 15 frames per second and
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Fig. 6. Velocity profiles of the flow in the vertical symmetry plane z=0 in the wake region. (a) Dimensionless streamwise velocity component (u/U). (b) Dimensionless

spanwise velocity component (v/U).

equipped with a lens of a focal length of 60 mm. The Nd:YAG laser
and CCD camera were synchronized using a Dantec Flow Map Pro-
cessor. The flow was seeded with silver-coated spherical particles
of 12 um in diameter. The measuring plane was illuminated by a la-
ser sheet generated from the Nd:YAG laser system. The time interval
between pulses was 1.2 ms. The thickness of the laser sheet was

approximately 2 mm. The time interval and the laser sheet thickness
were selected such that the maximum amount of particle displace-
ment in the interrogation window was obtained. Instantaneous
velocity vector fields were generated using a cross-correlation tech-
nique between successive particle images. The raw velocity vector
field was determined from this displacement vector field, using
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Fig. 7. Profiles of turbulence properties in the vertical symmetry plane z =0 in the wake region. (a) Root mean square of streamwise velocity fluctuations (ums)/U. (b)

Spanwise velocity fluctuations (zms)/U. (c) Reynolds stress correlations (u'v')[U?.

the time interval between laser pulses. Spurious velocity vectors
were then detected applying the local median-filter technique
(Westerwell, [24]), and were replaced by interpolated vectors, cal-
culated by means of a bilinear least-squares fit technique between
neighboring vectors.

Uncertainty in velocity measurements is generally caused by
the seeding particle size, non-uniform particle distribution, particle
overlap, interrogation window size and electronic and optical im-
age noise (Hart, [25]). In the current study, the number of particle
images in an interrogation window was kept between 15 and 20, in
order to satisfy the high-image-density criterion. The dimensions
of the interrogation area employed throughout were 32 x 32 pixels
with 50% overlap providing 3844 velocity vectors over the entire
field of view plane. The PIV technique used in this study was sim-
ilar to the one employed by Westerwell [26], who calculated that
the uncertainty in the velocity field was less than 2%. Extensive

information about these uncertainty factors affecting PIV
measurements was reported by Hart, [25], Westerwell [26], Adrian
[27], Gui et al. [28] and Adrian [29].

To determine the time-averaged mean flow structure, 300
instantaneous velocity fields were measured. Time-averaged
parameters which are calculated from N = 300 PIV images, are cal-
culated as follows:

Time-averaged streamwise component of velocity:

1 N
e y) =5 D)
n=1

Time-averaged transverse component of velocity:

1 N
n=1
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Time-averaged vorticity:

] N
(@(X.Y)) =5 D On(x.Y)
n=1
Root-mean-square of u component fluctuation:

1N 1/2
Urms = <u>rms = |:N Z[un(x,y) - <u(x,y)>]2}
n=1

Root-mean-square of » component fluctuation:

L 12
Urms = <v>m1$ = |:N Z[Z)H(va) - <U(X7Y)>]2:|
n=1

Averaged value of Reynolds stress correlation:

N
W) = & > ) - W) [eaey) - (00.9)
n=1

The normalized boundary layer profile on the raised ground
board in front of the bus model at x/H = —3.3 is plotted in Fig. 4.
The flat plate 1/7th power law boundary layer profile is also given.
The apparent agreement shows that the boundary layer on the
ground board is turbulent.

3. Results and discussion
3.1. Time-averaged velocity field

Fig. 5 depicts the time-averaged velocity vector maps (V), the
patterns of streamlines (/) and the corresponding vorticity con-
tours (w) around the model in the vertical symmetry plane z=0.
The minimum and incremental values of the vorticity contours
are (Wmin) = #2 s~ and (Aw) = 2 s~', respectively. Contours of posi-
tive (counterclockwise) and negative (clockwise) vorticity are indi-
cated by solid and dashed lines, respectively. Fig. 5 provides a clear
view of flow structures near the front face, on the roof and in the
wake region of the model. The approaching flow on the upstream
of the model decelerates longitudinally and accelerates vertically
to pass around the model. The streamlined flow is divided into up-
ward and downward flows from the stagnation point, S, at the for-
ward face of the model. Attached flow can be clearly seen on the
leading part of the model roof due to the adequate rounded leading
edge of the model. The attached flow moves further downstream
along the roof surface and is separated at the trailing roof edge
of the model. At the rear of the model a large reverse flow region
is formed. The length of this recirculation region is approximately
0.92 times the height of the model. Foci F; located at a location of
x/H=0.23,y/H = 0.37 is clearly visible. Where H is the height of the
bus model. Fig. 5¢ displays the upperbody and underbody wall
shear layers. The upperbody has negative vorticity while the
underbody shear layer has positive and negative vortices. The
wake pattern is markedly asymmetric. The upper negative vortex
moves almost along the horizontal direction while the positive
lower vortex tends to move towards the top corner of the model.
In conclusion, flow topologies reveal a well-defined circulating flow
which occupies the wake flow region downstream of the model.

Fig. 6 shows the time-averaged normalized velocity profiles in
the wake region downstream of the model at the selected locations
on the vertical symmetry plane. Here, velocity components are
normalized with the free-stream velocity, U. Fig. 6a shows the
streamwise velocity profiles, (u)/U at different downstream loca-
tions behind the model. The negative velocity fields in between
x/H=0.11 and x/H = 1.07 represent the existence of the wake flow
region downstream of the model. The maximum reversed velocity
in the circulatory flow region is approximately 0.18 times the
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Fig. 8. Patterns of time averaged velocity vector maps (V), streamlines (i) and
vorticity contours (w) in the horizontal xz-plane for y/H=0.5. Minimum and
incremental values of vorticity are (wmi,) =+2 s~ and A(w)=25"".

freestream velocity, U at y/H = 0.72. At the first measuring section
x/H=0.11 the streamwise velocity, (u)/U takes positive values in
the lower part of the velocity profile because of the jet flow occur-
ring between the ground and the bottom surface of the model and
streamwise velocity component increases in this region. The max-
imum positive velocity in this region is approximately 0.45 times
the free-stream velocity, U at y/H = 0.03. The rate of increase in
the streamwise velocity across the positive shear layer at the upper
part of the model is due to the entrainment of wake and the core
flow regions. In the middle part of the velocity profile there is a
negative velocity field in between y/H = 0.43 and y/H = 0.92 which
represents the reverse flow downstream of the model. The
maximum negative velocity is approximately 0.15 times the free-
stream velocity, U. At the second measuring section, x/H = 0.48
significant reverse flow in the downstream region of the model
can be clearly seen between y/H=04 and y/H=0.86. The
maximum reverse velocity in this measuring section is located at
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y/H =0.72 and approximately 0.18 times the free-stream velocity, U.
Positive streamwise velocity values are identified in the third and
fourth measuring sections x/H = 1.07 and x/H = 1.5, respectively.
Fig. 7 presents the profiles of the root mean square of stream-
wise and spanwise velocity components, (Uyms)/U and (Vimys)/U nor-
malized by the free-stream velocity, U and Reynolds stress
correlation, (1'v')/U? normalized by the square of the free-stream
velocity in the central region of vertical plane. The peak values of
turbulent properties take place along the upper-body and under-
body shear layers. The magnitude of the root mean square of
streamwise velocity fluctuations, (uyms)/U shown in Fig. 7a are
higher in the upper-body shear layer than in the underbody shear
layer due to the high rate of momentum. The peak value of (u;mys)/U
is approximately 0.23. The root mean square of spanwise velocity
components, (Vims)/U presented in Fig. 7b shows a similar trend.
The maximum value of (vims)/U is approximately 0.14 which is
smaller than the corresponding value of (u;ns)/U at the same loca-
tion. Profiles of the Reynolds stress correlation, (1'v')/U? are shown

in Fig. 7c. The maximum value of Reynolds stress correlation, (u'v')/
U? appears along the upper-body shear layer with a magnitude of
0.02. Magnitude of Reynolds stress correlations, (u'v')/U? along the
underbody shear layer are smaller comparing to the upper-body
shear layer due to the ground effect.

Fig. 8 presents the time-averaged velocity vector maps (V), the
patterns of streamlines (i) and the corresponding vorticity con-
tours (w) downstream of the model in the horizontal xz-plane at
an elevation of y/H =0.5 at the geometrical center of the model.
The minimum and incremental values of the vorticity contours
are (wmgin) =22 s~ ! and (Aw) =2 s, respectively. In the wake re-
gion downstream of the model the mean flow is almost symmetric
with respect to the geometrical symmetry plane and a pair of recir-
culating region with similar size is identified. A pair of identical
foci F, and F3 at x/H = 0.35, z/H = £0.24 and a saddle point S; at x/
H=0.95 are developed in the wake region. The saddle point, S;
shown in Fig. 8b indicates the merging of shear layers emanating
both sides of the bus model. Regions of negative and positive
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vorticity contours in Fig. 8c define the side wall shear layers. These
two shear layers extend approximately up to the same down-
stream locations in the flow direction.

Fig. 9 presents the time-averaged velocity profiles on the hori-
zontal xz-plane at an elevation of y/H = 0.5 in the wake region down-
stream of the model. Here three sets of data were measured at
different period of time in order to see if there was a high level of dis-
crepancy between these data sets. The total numbers of data was 350
for these three sets of data. The streamwise velocity profiles, (u/U)
are shown in Fig. 9a. The reverse flow region occurs resulting in a
negative streamwise velocity, u beginning from the rear surface of
the model up to a point with a distance of x/H = 1.07. The flow char-
acteristics are almost symmetric about the centerline of the model.
Dimensionless cross-stream velocity component (w/U) shown in

Fig. 9b shows that the maximum value of (w/U) occurs at x/
H = 1.07 indicating that the maximum mixing fluids happen around
this location. At the first station, x/H = 0.11, the magnitude of dimen-
sionless cross-stream velocity components, (w/U) are smallest, but
increases gradually until x/H = 1.07. Starting from this station, the le-
vel of the dimensionless cross-stream velocity component, (w/U) de-
cays down gradually. The distance between maximum values of
dimensionless cross-stream velocity components, (w/U) is maxi-
mum at x/H = 0.11, but this distance is minimum at x/H = 1.5. Com-
parisons of three sets of data indicate that there is a variation
around 30% in the time-averaged spanwise velocity components,
(v/U) in the horizontal plane at X/H = 0.48 for small area. In most
points, there is a good agreement between three test sets of (w/U)
along Z/H axes at all locations of X/H. Dimensionless velocity
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components (u/U) and (w/U) show that minimum velocity occurs at
the central axis of measuring planes.

Fig. 10 shows profiles of three sets of the root mean square of
streamwise and cross-stream velocity components, (uyms/U),
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Fig. 13. Instantaneous velocity field in two cross-planes x/H = 0.23 and x/H = 0.53.

(Wrms/U) and the corresponding Reynolds stress correlations, (u'w'/
U?) in the central region of the horizontal plane. The distributions
of the root mean square of streamwise velocity fluctuations, (tms/
U) shown in Fig. 10a indicate mainly two maxima at two different
locations along the lateral directions which correspond to the edge
shear layers. Although all sets of data follow the same trend, but
there is a high rate of discrepancy between data sets. The fluctua-
tions of the cross-stream velocity components (W) /U in the lat-
eral direction shown in Fig. 10b reveal that the values of (W;nys)/U
are maximum on the shear layers. Circulatory flow motions which
increase the rate of entrainment between the wake and the main
flow regions take place along the both shear layers resulting in a
high rate of fluctuations. Disagreements between three different
test sets of (Wyms)/U are less comparing to the cases of (tyms/U).
Downstream of shear layers merging points, there is a high rate
of velocity fluctuations which cause a high rate of disagreement
between data set taken at different period of time at X/H =1.07
and 1.5. Profiles of the Reynolds stress correlation, (u'w’)/U* shown
in Fig. 10c indicate that the peak values of the Reynolds stress cor-
relations, (w'w//U?) occur along the shear layers emerging from the
both sides of the trailing edges of the bus model. Profiles of turbu-
lence properties show that maximum fluctuations appear just
downstream of the saddle point, S; at a location of x/H = 1.07 due
to the high rate of mixing flows. Curves of the Reynolds stress
correlations, ('w'/U?) indicate that those three sets of data agree
better comparing to the root mean square of streamwise and
cross-stream velocity components, (Uyms/U), (Wims/U), respectively.
It can be concluded that one needs data more than 350 in order to
have less disagreements between data set taken at different period
of time when there is a high rate of velocity fluctuations. It should
be stated that the present software program can only provide a to-
tal of 350 data.

Fig. 11 presents the time-averaged velocity vector maps (V), the
patterns of streamlines (i) and the corresponding vorticity con-
tours (w) in two zy cross-sections of end-view planes at x/
H=0.23 and x/H=0.53 locations. The flow field downstream of
the model at the location x/H = 0.23 is dominated by a pair of coun-
ter rotating trailing vortices (V3 and V4) originated from the bot-
tom corners of the model. Han [30] found these vortices near the
lower lateral edges of the Ahmed body and concluded that they
were formed due to the viscous interaction between the body
and the ground-plane boundary layer. The left (V1, V3) and right
(V2, V4) vortices rotate counterclockwise and clockwise, respec-
tively. The upwash flow is clearly visible between the counter
rotating vortices. Further downstream at the location x/H = 0.53
two counter rotating longitudinal vortices originated from the
upper corners of the model can be clearly identified. They are
stronger than the vortices originating from the bottom corners of

the model at the location x/H = 0.23. There is a strong upwash flow
between the counter rotating longitudinal vortices. It is known
that the model experiences lift and the sense of rotation of the vor-
tices is seen to be compatible with this [31].

3.2. Instantaneous velocity field

The instantaneous flow structure in the wake region down-
stream of the model on the vertical symmetry plane z = 0 is shown
in Fig. 12. The instantaneous wake is different from the time-aver-
aged flow field and comparisons of the instantaneous flow struc-
tures reveal that additional vortices are generated. Swirling
patterns of velocity vectors take place along the upperbody shear
layer. On the other hand, well-defined large-scale swirling patterns
of velocity vectors are evident on the bottom edge. The positive
vorticity layer separating from the lower edge of the model di-
verges substantially and, tends to interact with the cluster of vor-
ticity of the separating layer emerging from the roof surface of the
model. The negative vortex originating from the upperbody shear
layer moves almost along the horizontal direction. The point of
attachment on the ground surface travels forward and backward
in the flow direction in an unsteady mode. Shear layers emanating
from the upperbody and underbody surface create a complex flow
field which consists of a number of vortices that move randomly in
time and space. The intensity and domain of vortices, w, emanating
from the bottom trailing edge of the model is higher comparing to
those vortices occur downstream of the model.

In conclusion, flow structures downstream of the model
changes rapidly and in a random mode. The size of the wake region
of this model is substantially smaller comparing to results of the
rectangular bus model obtained by Gurlek et al. [7].

Fig. 13 depicts the instantaneous velocity fields in cross-planes.
The instantaneous wake in the cross-plane is different from the
time-averaged one and it was found that the mean trailing vortices
form as a result of several instantaneous vortices. The instanta-
neous wake region was found to consist of a substantial number
of coherent vortex structures that move randomly in time and
space. Many longitudinal vortex structures observed in the instan-
taneous flow field will have originated from various features of the
complex bus body.

4. Conclusion

Understanding the aerodynamic characteristics of passenger
vehicles are important for reducing fuel consumption, improving
fuel economy, vehicle performance and passenger comfort. The
three-dimensional flow structures around a bus model have been
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investigated experimentally using digital particle image velocime-
try (DPIV).

Attached flow can be clearly seen on the front part of the model
roof due to the adequate rounded leading edge of the model in the
vertical symmetry plane. In the wake flow region downstream of
the model a large reverse flow region is formed. The length of this
recirculation region is approximately 0.92 times the height of the
model.

The wake pattern is markedly asymmetrical. The upper nega-
tive vortex moves almost along the horizontal direction while
the positive lower vortex tends to move towards the top corner
of the model.

In the horizontal plane a pair of recirculating flow region with a
similar size is identified in the wake region. The length of the wake
flow region is found to be approximately 0.95 times the height of
the model. The maximum values of turbulence intensities are
found along the upperbody and underbody shear layers in both
vertical and horizontal measuring planes.

In cross-planes the flow field downstream of the model is dom-
inated by a pair of counter rotating vortices originating from the
bottom and upper corners of the model.

The instantaneous wake flow characteristics are different from
the time-averaged flow data and contain not only two longitudinal
vortices but a larger number of vortices that move randomly in
time and space.
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