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The three-dimensional flow structures of a queue of studied model vehicles (i.e., one-, two- and three-
vehicle cases) were investigated comprehensively in a closed-circuit wind tunnel using particle image
velocimetry (PIV) for the typical urban vehicle speeds (i.e., 10, 30 and 50 km/h). In this three-dimensional
vehicle wake, a pair of longitudinal vortices is characterized by counter-rotating and moving downstream
at relatively low velocity than their surrounding flow. The flow structures of multiple studied model vehi-
cles are dominated by the wake generated from the last studied model vehicle but the preceding studied
model vehicle(s) also has/have some minor effects. Cross-sectional turbulence distribution is non-uni-
form in the far-wake region for all studied cases. The lowest turbulence occurs at the center part of
the vehicle wake while high turbulence occurs at its two sides. As such, it may lead to considerable
underestimation in turbulence magnitude if the measurement is only taken along the centerline of the
vehicle wake.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The flow fields behind the ground vehicles play an important
role in the dispersion of vehicular exhaust pollutants. The flow
fields or wake structures have long been studied by researchers
and engineers using different measurement techniques such as
flow visualization, pressure sensor, Pitot tube, multi-hole sensor,
hot wire anemometer (HWA), laser Doppler velocimetry (LDV),
particle image velocimetry (PIV) etc. as well as computational fluid
dynamics (CFD) techniques. More than thousands of papers and re-
ports have been documented. So far our knowledge gained from
the experimental or numerical approaches is mainly on a single
ground vehicle/scale-down model vehicle either running on road
or in a testing facility (e.g. wind tunnel). On the other hand, the
automobile population is ever increasing in most urban cities. It
leads to the growing traffic density with a shortened interval dis-
tance (i.e., vehicle spacing, safety distance etc.) between the con-
secutive running vehicles on the traffic lanes, and the application
of modern technologies such as intelligent transport systems will
further reduce the traffic/vehicle spacing (Watkins and Vino,
2008). It is clearly known that the moving ground vehicle may alter
the incoming flow structures for the following vehicle(s). Here,
rises a question: how much of our knowledge gained from a single
moving ground vehicle can still be applied to the case among a
ll rights reserved.
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queue of moving ground vehicles? Particular research attention
has only been drawn in recent years. Up to now, very few research
works concerning the flow structures, and pollutant (i.e., scalar)
dispersion and concentration fields behind multiple ground vehi-
cles have been reported.

One of the early research works concerning the vehicle queue
(Clifford et al., 1997) was entirely devoted to the vehicle pollutant
dispersion. They identified that 75% of the total received pollution
for a following vehicle comes from the preceding one. Recently,
Kanda et al. (2006a) have revealed that the pollutant dispersion
in a queue of vehicles is dominated by the symmetric vehicle wake
other than the offset positioned exhaust tailpipe. It can be con-
cluded that the wake flow between vehicles moving in line affects
not only their aerodynamic properties but also the vehicular ex-
haust pollutant dispersion patterns, if these ground vehicles are
not sparsely distributed. Therefore, a better understanding of the
wake region between multiple moving ground vehicles is essential.

Baker and Hargreaves (2001) and Baker (2001) stated clearly that
the vehicle wakes have a significant effect on the vehicular exhaust
pollutant dispersions but is over simplified by most vehicle pollutant
dispersion models. He also pointed out that most of the wake studies
serve for vehicle drag reduction whereas provide less attention to
the interaction between the wake development and vehicular ex-
haust pollutant dispersion. Similar point of view has been shared
by Kanda et al. (2006a) that ‘‘traffic-produced turbulence plays an
important role in the dispersion of automobile exhaust gas. How-
ever, the nature of traffic-produced turbulence is poorly understood,
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and the existing air pollution models adopt different empirical
schemes that are difficult to verify”. Consequently, they have made
an assumption in their vehicle exhaust concentration test that three
preceding vehicles are sufficient to produce wake turbulence equiv-
alent to that of an infinite queue. Despite of the experimental inves-
tigations, numerical simulations also have to stem from a base
weakened by the lack of knowledge about the flow around a queue
of moving vehicles, ‘‘although exploratory works are emerging”
(Kanda et al., 2006b). This has become a bottle neck for both exper-
imental and numerical research works of vehicle pollutant disper-
sion and concentration field in a close vicinity of roadway.

In recent years, the time-averaged wake flow has been exten-
sively studied by either traditional experimental fluid dynamics
(EFD) or thriving computational fluid dynamics (CFD) methods to
explain the details of aerodynamics or pollutant dispersion around
the studied vehicles (Khalighi et al., 2001; Vino et al., 2003; Gosse
et al., 2006a,b; Dong and Chan, 2006; Watkins and Vino, 2008; Chan
et al., 2008a,b). Since the rear slant angle, a = 25� of the present
studied model vehicles is smaller than the critical angle 30�, thus
it is expected a complex of three-dimensional wake will be
generated (Ahmed et al., 1984; Chan et al., 2008a,b). Krajnovic
and Davidson (2004) pointed out that the variety in the turbulent
length scales in combination with very unsteady reattachment of
separated flow in this region are possible reasons for failure of
Reynolds-averaged Navier-Stokes (RANS) simulations to predict
the flow around simplified car model with a = 25� case. The hybrid
LES-RANS or detached eddy simulation (DES) is still not fully devel-
oped and several problems remain to be solved for this particular
rear slant angle (Krajnovic and Davidson, 2005a). The flow around
Ahmed body with a = 25� was successfully simulated using large
eddy simulation (LES) (Krajnovic and Davidson, 2004, 2005a,b).
Recently, Guilmineau (2008) has investigated numerically for the
flow around a simplified car body with different rear slant angles
(i.e., 25� and 35�) and compared with the experimental data of
Lienhart and Becker (2003). He concluded that the flow around
the car body with a = 25� is still considered an open challenge for
turbulence modeling. On the other hand, the EFD approaches could
still provide the important flow properties for present studied mod-
el vehicles with a = 25�. The present study is to investigate the
time-averaged wake flow around a queue of studied model vehicles
to fill this knowledge gap. An intensive experimental investigation
was performed in a well controlled wind tunnel testing facility to
understand the flow structures for different vehicle queue cases be-
cause the effects of traffic vehicle movements and natural ambient
wind are difficult to separate in real world. Measurement by PIV in a
wind tunnel facility of the studied model vehicles will reveal the
structures and properties of the air flow in wake region for one-,
two- and three-vehicle cases (i.e., a queue of vehicles), especially
for the scarcely research works in the latter one.

The objective of this work is to investigate three-dimensional
flow structures behind a queue of studied model vehicles in a
closed-circuit wind tunnel using PIV for the typical urban vehicle
speeds. In the following presentation, the experimental set-up will
first be described, followed by the discussions of wake structures of
one-, two- and three-vehicle cases in X–Y, X–Z and Y–Z planes. Fi-
nally, some conclusions will be drawn.
2. Experimental set-up

Real on-road moving motor vehicle conditions are difficult to
control, regulate and repeat. These problems bring difficulties to
the induction of physical phenomena. Therefore, the present study
was performed in a closed-circuit wind tunnel under a well con-
trolled environment. The wind tunnel has a test section of
0.6 � 0.6 � 2 m (Width � Height � Length). Background turbulent
intensity was measured to be around 0.5% over the middle point
of flat plate for a free stream velocity, U1 = 8.3 m/s. For easier com-
parison and continual research development, the studied model
vehicles are in exactly the same shape and dimension of 1/22
scaled down model vehicle used in Chan et al. (2008a,b). All stud-
ied model vehicles (i.e., W � H � L = 90 � 81 � 180 mm) have a
rear slant angle, a = 25�. The same studied model vehicle was used
in Chan et al. (2008b) for investigating the interaction of the vehic-
ular exhaust jet plume on flow structures, and scalar (i.e. pollutant)
dispersion and concentration fields in the wake of a single studied
model vehicle. The vehicular exhaust tailpipe pollutant concentra-
tion of on road vehicle was simulated using a heated air jet at cer-
tain temperature and velocity through a small tailpipe exit of
3 mm in diameter for the studied model vehicle. The vehicular ex-
haust tailpipe exit was located at the back side of the studied mod-
el vehicle (i.e., X/H = 0, Y/H = 0.278, Z/H = 0.22). Detailed geometry
of this studied model vehicle(s) can be referred to Fig. 1 of Chan
et al. (2008b). However, it is expected that this exhaust tailpipe
exit might cause slight asymmetric flow patterns around the stud-
ied model vehicle(s) even though there was no exhaust jet flow
introduced to the wake region in the present study. Blockage ratio
induced by the studied model vehicle was 2%, which was well be-
low the 5% limit suggested by Farell et al. (1977), therefore no
additional blockage correction is required for the present study.

Single or multiple studied model vehicles were placed in line on
a designated horizontal 2000 � 590 � 20 mm (L �W � Thickness)
flat plate (Chan et al., 2008b) which was supported by six support-
ive stands of 130 mm in height each on the bottom of test section
as shown in Fig. 1. In the present study, three typical urban driving
speeds of 10, 30 and 50 km/h (i.e., three free stream velocities, U1
of 2.78, 8.33 and 13.89 m/s in wind tunnel) were used. Their corre-
sponding Reynolds numbers ReH = U1 � H/m were equal to
1.48 � 104, 4.44 � 104 and 7.40 � 104, respectively. For all multiple
studied model vehicle cases, the vehicle spacing between the back
of the preceding vehicle and the head of the following one were
fixed to allow for 2 s of the vehicle movement (i.e. vehicle spac-
ing = U1 � 2s). The corresponding vehicle spacing was 3.1H, 9.3H
and 15.5H in respect to the vehicle speeds of 10, 30 and 50 km/h,
as shown in Fig. 1. The origin point of Cartesian coordinate system
was fixed on the ground of a designated flat plate under the center
point of the back of the studied model vehicle No. 1 (hereafter re-
ferred to as V1). The X-axis was in the direction of main stream
flow, Y-axis was in the direction of the width of the studied model
vehicle, and Z-axis was in the direction of the height of the studied
model vehicle. The velocity U, V and W are corresponded to the
velocity components in X-, Y- and Z-directions, respectively.

One difference between the real on-road condition and wind
tunnel simulation is the existence of a boundary layer over the
ground for the latter case. If the ‘ground’ inside the wind tunnel
does not move at the same speed as air flow, the boundary layer
over ground will have two effects on experimental simulation: (i)
the modification of the near-ground air flow structure; and (ii)
the mixing of jet flow in the boundary layer (Krajnovic and David-
son 2005c). Lajos et al. (1986) compared the difference between
the effects of a stationary ‘‘ground” and a moving ‘‘ground” for
high-profiled vehicles (e.g. a bus) and found that the stagnation
point of roll-up flow is lower for the latter case. However, Hackett
et al. (1987) used a car to study the relative low-profiled vehicle
and found that a moving ‘‘ground” has insignificant effects on the
vehicle wake flow. Recently, Krajnovic and Davidson (2005c) have
detected that the largest difference between the moving and sta-
tionary ground effects for an Ahmed body with 25� rear slant angle
does not occur in the wake region behind the back of vehicle body
but on the rear slant surface of the body. Similar insensitivity of
vehicle wake to the ground motion was also observed by Bearman
et al. (1989). Therefore, the wake flow of the studied model vehicle(s)
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with 25� rear slant angle could be considered to be insensitive to a
fixed ground although the boundary layer might have a minor
effect on the experimental simulation in the present study. How-
ever, the shape of the leading edge of the flat plate (Chan et al.,
2008b) was designed to reduce the thickness of boundary layer
by delaying the flow separation according to the research work
of Narasimha and Prasad (1994). The boundary layer at the center
point of the flat plate was measured by a one-dimensional hot wire
probe at 8.3 m/s without placing the studied model vehicle. The
thickness of boundary layer over the flat plate was measured to
be less than 0.1H thus it is considered to be acceptable for the pres-
ent study where the investigated area was up to the height of
Z = 2H. Due to the existence of the boundary layer on the flat plate,
the measured data in the close-to-ground region (i.e., Z 6 0.1H)
should be examined with certain caution because they are more
or less affected by the boundary layer. For other higher regions,
the measured data should not be affected.

A set of PIV from the Dantec Dynamics A/S was used to measure
the flow fields in the present study. The PIV system has a dual-cav-
ity 200 mJ Nd-YAG laser to illuminate the studied flow areas, and a
double-frame HighSense4M image charge-coupled device (CCD)
camera (2048 � 2048 pixels) to shoot the illuminated flow areas
which were seeded by smoke particles with a mean diameter of
around 0.3 lm. The captured images from the camera were stored
in computer for cross-correlation analysis in order to determine
the velocity vectors. A 32 � 32 pixels and 50% overlap cross-corre-
lation arithmetic was applied to every pair of stored images to
yield 127 � 127 = 16,129 vectors for the captured flow field. As
the field of camera view was maintained to be 3H � 3H in dimen-
sion, therefore the spatial resolution of vectors was 3H/
127 = 0.024H (i.e., 1.9 mm for vector spacing). All investigated
PIV planes were positioned either in front of or behind the last
studied model vehicle (i.e. V1) as shown in Fig. 1. If there is no pre-
ceding studied model vehicle, V1 will be considered as one-vehicle
case. When other studied model vehicles (only vehicle No. 2, V2 or
both vehicle Nos. 2 and 3, V2 and V3) are taken into consideration
by arranging one by one in the upstream, in that case V1 will be
acting as the second or third vehicle in a traffic queue of multiple
vehicles. For all measurements taken at the same target area, no
further position adjustment of instrument is needed to cover the
arrangements of these three studied vehicle queue cases (i.e.,
one-, two- and three-vehicle cases), therefore it would maintain
a high repetition accuracy for the studied flow fields.

A one-dimensional hot wire probe was positioned behind the
studied model vehicle, V1 at X/H = 2, Y/H = 0 and Z/H = 0.5 to mea-
sure the power spectrum of vehicle wake. Acquisition was taken to
be 30 s long with a 10 kHz sampling frequency. The power spec-
trum curve (figure not shown) for the vehicle speed at 30 km/h
(i.e., U1 = 8.3 m/s) consistently descends with the increasing of fre-
quency and shows no obvious peak in the studied frequency range.
It reveals that there is no strong periodic flow structure in the wake
of the studied model vehicle. For the other two studied vehicle
speeds (i.e., U1 = 2.78 and 13.89 m/s), the power spectrum curves
show similar patterns. Similar results were also obtained from
their studied vehicle(s) on a fixed floor by Krajnovic and Davidson
(2005c) and Kanda et al. (2006a,b). This present finding confirms
that the random sampling and time averaging is applicable. No
phase-locked acquisition technique is required for a flow without
the distinguishable periodic structures, so long as the number of
random samples is large enough to obtain high averaging
confidence.

The number of PIV images was then evaluated for the two-vehi-
cle case at the vehicle speed of 10 km/h (i.e., U1 = 2.78 m/s), be-
cause the following studied model vehicle is being exposed to
the highest turbulence generated by the preceding one due to
the shortest vehicle spacing (i.e., 3.1H) among all studied cases.
The flow field between two studied model vehicles was selected
for the evaluation purpose. A check point in the selected PIV plane
was located at 1H upstream in the centerline of V1 and Z = 0.5H
above the ground of flat plate. This point was chosen because the
air flow passing this selected location is an indicator for the turbu-
lent wake of the studied model vehicle, V2 and also for the incom-
ing flow of the studied model vehicle, V1 as shown in Fig. 2. A total
of 1200 PIV images were acquired and a direct comparison was
performed to show the convergence of averaged flow properties
against the number of images for the selected check point as
shown in Fig. 2. It can be concluded that the averaged flow proper-
ties become stable if the number of PIV images is more than 800 in
the present study. Hence, the number of PIV images was chosen to
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be 1200 and the results were averaged from about 1080 PIV images
based on a 10% rejection rate. With such number of sample images,
for example the true mean velocity has 95% confidence to fall with-
in the interval (1 ± 0.014) U or 99% confidence within (1 ± 0.019) U
where U is the mean velocity using sampled PIV datasets (Benedict
and Gould, 1996).

3. Results and discussion

3.1. Wake structure of one-, two- and three-vehicle cases in X–Y plane
at Z/H = 0.5

3.1.1. Velocity profile for the studied model vehicles at 10 km/h
Fig. 3a and b show the cross-sectional normalized velocity,

U=U1 and turbulence, u0/U1 profiles at 1H upstream from the stud-
ied model vehicle, V1 and Z = 0.5H above the ground. In Fig. 3a, the
profile of U=U1 for one-vehicle case at 10 km/h shows a shallow
valley in the middle. The maximum U=U1 deficit is 12% due to
the blockage effect from the vehicle, V1 downstream. For two-
vehicle case, the curve shape is significantly altered in the wake re-
gion of the preceding studied model vehicle, V2 within �0.9 6 Y/
H 6 0.9. A hill is observed in between two valleys which are caused
by two counter-rotating longitudinal vortices (or trailing vortices
in some literatures). At 2.1H downstream from the studied model
vehicle, V2, the diameter of the vortices equals to the width of val-
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Fig. 3. Horizontal cross-sectional profiles: (a) U=U1, and (b) u0/U1 at 1H in front of
vehicle 1 and Z/H = 0.5 above the ground for one-, two- and three-vehicle cases at
10 km/h.
ley which is around 0.4H and the distance between two vortex cen-
ters is around 0.8H. Ahmed (1981) and Lienhart and Becker (2003)
also found that the distance between two centers of longitudinal
vortices is around 0.8H at the downstream 2H for their single vehi-
cle studies. Moreover, the curve of two-vehicle case also indicates
that the center part of longitudinal vortices moves along the down-
stream at an average velocity of 0.55U1 (i.e., the height of two
curve valleys, marked by +) while the surrounding air moves at a
speed of no less than 0.75U1 (i.e., the height of center hill, marked
by �). Since Fig. 3a is an averaged result of about 1080 PIV images,
two possible reasons may contribute to the shape of U=U1 curve.
One reason may be caused by the effect of statistical averaging of
U=U1. The instantaneous U=U1 values inside the trailing vortices
where the flow is highly turbulent may have large variation thus
resulting in a lower mean value of U=U1 than that for the more sta-
ble outside region. Another reason is that there is not much differ-
ence between the instantaneous and averaged U=U1 values as
shown in Fig. 3a. The U=U1 profiles obtained from several instan-
taneous vector maps (figures not shown) were examined one by
one instead of using the statistical averaging approach. The results
show more or less a similar curve to the one in Fig. 3a. Therefore,
they justify the second reason. The longitudinal vortices are dis-
covered to have two flow behaviors which are different from their
surrounding air in vehicle wake namely counter-rotating flow as
found by other researchers and moving downstream at relatively
low velocity. It should be also noted that as the axis of the longitu-
dinal vortices is in line with their downstream movement, there-
fore the downstream velocities for different circles of the trailing
vortices are not uniform but increase with their radius from vortex
center.

The results of two- and three-vehicle cases at 10 km/h in Fig. 3a
show that two preceding studied model vehicle case (i.e., both V2
and V3) has some minor changes in the wake structure or in the
size of longitudinal vortices if compared with the single preceding
studied model vehicle case (i.e., V2 only). Some weak effects of the
expanded wake from the studied model vehicle, V3 can be ob-
served at the two far sides of the curve. The value of mean velocity,
U=U1 for two longitudinal vortex centers is reduced from 0.87 to
0.52 (i.e., 38% reduction) which is caused by the single blockage ef-
fect of V2 alone (i.e., two-vehicle case), and further reduction to
0.35 (i.e., 30% reduction from 0.5) by the double blockage effects
of V2 and V3 (i.e., three-vehicle case). On the other hand, the value
of mean turbulence, u0/U1 for these two longitudinal vortex cen-
ters is increased from 0.01 (i.e., background level) to 0.108 (i.e.,
1070% increment) by V2 alone, and further up to 0.124 (i.e., 15%
increment from 0.108) by V2 and V3.

Furthermore, as the shape of curve reflects local flow structure,
the spatial coincidence of curves for two- and three-vehicle cases
in Fig. 3a and b reveals that the preceding studied model vehicle,
V3 does not have obvious effect on the wake structure (e.g., the po-
sition and diameter of longitudinal vortices) of the following vehi-
cle, V2 even though the downstream movement of two
longitudinal vortex centers can be considerably slowed down. It
can be inferred that the wake structure behind V1 will not be sig-
nificantly altered by both V2 and V3.

3.1.2. Velocity profiles for the studied model vehicles at 30 km/h
Fig. 4a and b show the cross-sectional velocity, U=U1 and tur-

bulence u0/U1 profiles at 1H upstream from the last following stud-
ied model vehicle, V1 and Z/H = 0.5 for the vehicle speed at 30 km/
h. In Fig. 4a, the maximum normalized mean velocity, U=U1 deficit
is decreased from 12% (for 10 km/h case) to 5% (for 30 km/h case)
due to the suppression of blockage effect by the faster incoming
flow. For the two-vehicle case, the two valleys induced by the lon-
gitudinal vortices from the preceding studied model vehicle, V2 are
observed to be wider and shallower if they are compared with the
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valleys for two-vehicle case at 10 km/h. It might be because the
vehicle spacing has been increased from 3.1H to 9.3H. According
to the description of Baker (2001), the near-wake region is charac-
terized by the large-scale flow structures from 0 to 10H behind the
vehicle, and the far-wake region is characterized by the gradual de-
cay beyond 10H. Supported by the Baker’s conclusion and eddy en-
ergy cascade theory, it is believed that the two wide and shallow
valleys are not induced by the weak longitudinal vortices but by
many small-scaled eddies broken from the longitudinal vortices.
Several U=U1 curves from the instantaneous vector maps (figures
not shown) were checked. Each curve has a few valleys which
are small, shallow and almost randomly positioned. None of these
checked curves show a symmetric pattern or any valley as wide as
these two valleys in Fig. 4a. Therefore, it can be concluded that
contrary to the case of 10 km/h, the two shallow valleys in the
U=U1 curve for 30 km/h are the averaging effect of many small
sized eddies, and the two longitudinal vortices of 0.4H in diameter
have already been broken apart along the way between X/H = 2.1
and 8.3. In Fig. 4b, the distance between two averaged valley cen-
ters can be more accurately determined from the two peaks in the
curve of u0/U1 to be about 1.5H at X/H = 8.3, in contrast to the
about 0.8H at X/H = 2.1 in Section 3.1.1.

3.1.3. Velocity profile for the studied model vehicles at 50 km/h
Fig. 5a and b show the cross-sectional velocity, U=U1 and tur-

bulence u0/U1 profiles at 1H upstream from the last following stud-
ied model vehicle, V1 and Z/H = 0.5 for the vehicle speed at 50 km/h.
The difference between the curves of U=U1 and u0/U with and
without a preceding studied model vehicle are both within 5%.
No large flow structure can be found in the far-wake region at
14.5H and Z/H = 0.5 behind the preceding studied model vehicle,
V2 for two-vehicle case. Interestingly the center part of vehicle
wake has the lowest turbulence intensity which is close to back-
ground level, in sharp contrast to the preceding studied model
vehicle cases at 10 km/h. It can be inferred that the difference in
incoming flow caused by the preceding vehicle on the following
vehicle, V1 can be ignored in most engineering applications if the
vehicle separation is larger than 15H, because the difference in
flow properties of U=U1 and u0/U1 is less than 5% when comparing
the preceding vehicle with no preceding vehicle case.

An unexpected phenomenon is observed in the present study.
The turbulence, u0/U1 profile in Fig. 5b is still quite non-uniform
even in the far-wake region, 14.5H downstream from the preced-
ing studied model vehicle, V2. The lowest turbulence,
u0/U1 = 0.012 still occurs at the center part of wake while the
highest turbulence, u0/U1 = 0.048 occurs at the two far sides. Such
high turbulence is believed to be induced by the broken eddies
from the trailing vortices. Comparing with the turbulence, u0/U1
profiles at X/H = 8.3 and X/H = 14.5 in Figs. 4b and 5b, it can be
observed that from the near-wake region to the far-wake region
of the studied model vehicles, the turbulence in wake decreases
for the whole cross-section profile, but the width of turbulent
wake in the Y-direction has considerably expanded along the
downstream distance.
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3.1.4. Streamwise velocity U=U1 and momentum u0v0/U2
1 contours

for the studied model vehicles at different vehicle speeds
Fig. 6 shows the contours of U=U1 in X–Y plane at Z/H = 0.5 be-

hind the last studied model vehicle, V1 for one-vehicle case at
10 km/h. Two ‘‘hills” occur shortly behind the vehicle back (i.e.,
X/H � 0.3), and then they converge to form a ‘‘ridge” at X/H � 1.
The height of hill does not change with the addition of preceding
studied model vehicles but the height of ridge does. The heights
of hill and ridge are (0.30, 0.78) for one-vehicle case and
(0.30, 0.82) for two-vehicle case and (0.30, 0.85) for three-vehicle
cases. For other two vehicle speeds (i.e., 30 and 50 km/h), their
contours (figures not shown) are similar in shape but different in
values. Their heights of hill and ridge are (0.39, 0.86) for one-vehi-
cle case and (0.43, 0.94) for two-vehicle case at 30 km/h, or
(0.45, 0.91) for one-vehicle case and (0.48, 0.97) for two-vehicle
case at 50 km/h, respectively.

In Fig. 6, the most noticeable difference induced by preceding
studied model vehicles is the height of ‘ridge’, 0.78, 0.82 and 0.85
for one- two- and three-vehicle cases at 10 km/h, respectively. It
should be noted that the height of U=U1 rises with the increasing
upstream blockage. An explanation can be referred to the vorticity
contours of Fig. 11. The absolute vorticity value (i.e., the changing
rate of movement direction) over the rear slant of V1 will be de-
creased from 12.1 to 9.9 or 9.8 if one or two preceding studied
model vehicle(s) is/are arranged in the upstream of V1, thus result-
ing in less downwashing flow over the rear slant and producing a
higher U=U1 value in the near-wake region. This phenomenon
may also explain why the U=U1 values are increased by a preced-
ing vehicle from 0.86 to 0.94 and 0.91 to 0.97 for 30 km/h and
50 km/h cases, respectively.

Watkins and Vino (2008) have recently found that the relation-
ship between the vehicle spacing and aerodynamics that both lift
and drag coefficients vary remarkably within the vehicle spacing
ranging from 0.1 to 1.0L (1L = 3.6H). Beyond a turning point at
1.0L, both studied coefficients become relatively stable especially
for the drag which is maintained at 88% of their values for one-
vehicle case. Fig. 6 shows that the flow properties such as U=U1
in very near-wake region (i.e., X/H 6 1) change drastically with
downstream distance. Beyond this very near-wake region where
the ‘ridge’ is formed, both the shape and values of U=U1 become
stable. It can be inferred that the resulting aerodynamics forces
will follow similar trend of the flow properties.
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Fig. 6. Contours of U=U1 in X–Y plane at Z/H = 0.5 for one-, two- and three-vehicle
cases at 10 km/h (Contour base line = 0.005, step = 0.005).
Because turbulence plays an important role in mixing processes
including the pollutant dispersion and concentration field of mov-
ing vehicle(s) in atmosphere, the averaged turbulent stress,
ju0v 0j=U2

1 contours in X–Y plane are shown in Fig. 7a–c for one-
vehicle cases at 10, 30 and 50 km/h, respectively. In Fig. 7a, two
peaks of ju0v 0j=U2

1 with the height around 0.0134 can be observed
at X/H = 0.6 and Y/H = ±0.45. One or two preceding studied model
vehicles may not obviously change the structure of ju0v 0 j=U2

1 be-
hind the vehicle V1 because the peak values always occur around
0.5–0.6H regardless of the presence of preceding vehicle(s) (figures
not shown). The peak values of ju0v 0j=U2

1 are raised up to 0.0147 by
V2 alone or 0.0155 by both V2 and V3. Similar ju0v 0j=U2

1 contours
are also observed for the vehicle speed of 30 km/h and 50 km/h..
For the one-vehicle case (i.e. V1 only) at three different vehicle
speeds as shown in Fig. 7a–c, it can be concluded that the
ju0v 0j=U2

1 values increase with increasing vehicle speed. Further-
more, the preceding studied model vehicle, V2 may increase the
ju0v 0j=U2

1 values by 17% for 30 km/h case or 13% for 50 km/h case
(figures not shown). On the other hand, V2 only increases the tur-
bulent intensity, u0/U1 value by 6% for 30 km/h or 2% for 50 km/h.
Clearly, the preceding vehicle has more effect on ju0v 0j=U2

1 than on
u0/U1. The distribution pattern of ju0v 0j=U2

1, is not sensitive to
either the vehicle speed or the presence of preceding vehicle(s).

3.2. Wake structure in X–Z plane at Y/H = 0

Normalized U=U1 and u0/U1 profiles along the Z-direction at 1H
in front of the head of the studied model vehicle, V1 for one-, two-
and three- vehicle cases at 10 km/h are shown in Fig. 8a and b. The
preceding studied model vehicle, V2 of two-vehicle case may de-
crease U=U1 by 15% and increase u0/U1 by 8% at most for the
incoming flow to the following vehicle, V1. The blockage effect of
V2 is obvious for the flow region lower than Z/H = 1 but still notice-
able at Z/H = 2. It can be concluded that for the difference in flow
properties of U=U1 and u0/U1 induced by both preceding studied
model vehicles, V2 and V3, the blockage effect of V2 contributes
more than 90% of the difference in the flow properties while the
blockage of V3 has just a minor effect for less than 10%. This phe-
nomenon in the X–Z plane is similar to that in X–Y plane as men-
tioned in Section 3.1. In Figs. 9a and 10a for one- and two-
vehicle cases at 30 and 50 km/h, the blockage effect of preceding
model vehicle, V2 on U=U1 is weakened by 50% or more because
of the larger vehicle spacing for wake development. The values of
u0/U1 induced by the presence of V2 are around 5% for both
30 km/h and 50 km/h cases as shown in Figs. 9b and 10b.

Fig. 11a–c show the normalized vorticity, xy � H=U1 in X–Z
plane for one-, two- and three- vehicle cases at 10 km/h, respec-
tively. Again the preceding studied model vehicle, V2 makes a
more noticeable difference in the value of vorticity than in struc-
ture. Peak vorticity values are changed from (�12.1, 7.5) to
(�9.8, 7.0) by V2. But the second preceding studied model vehicle,
V3 has almost no effect on the vorticity value over the rear slant of
V1. Its effect on the positive signed vortex in the lower part of the
wake region is still discernible. The peak vorticity values for the
three preceding vehicle cases are (�9.9, 6.7). It can be concluded
that the two preceding vehicles change the lower part of the wake
region more severely than the upper part. The normalized circula-
tion values of positive signed vortex structure, Cy=ðU1 � HÞ are 2.5,
2.1 and 2.0 for one-vehicle, two-vehicle and three-vehicle cases at
10 km/h, respectively (i.e. 16% reduction by V2 alone or 36% reduc-
tion by both V2 and V3). The changes in circulation values caused
by the preceding vehicles are more prominent than in the peak
vorticity values because the vortex sizes are also decreased.

The extension of separation bubble, XNW was previously re-
ported to be 0.65H by experiment (Lienhart and Becker, 2003) or
by LES (Krajnovic and Davidson, 2005a). The flow structure in
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Fig. 11a shows that XNW, is around 0.64H for 10 km/h and remains
the same for up to 50 km/h in Fig. 12 for the present study. The re-
sults presented good agreement with the experimental and
numerical results obtained from Lienhart and Becker (2003) and
Krajnovic and Davidson (2005a), respectively for single vehicle
case. Fig. 11a also justifies the removal of a small vortex generated
by inadequate resolution in coarse and medium grid using LES ap-
proach (Krajnovic and Davidson 2005a). Krajnovic and Davidson
(2005a) assumed that ‘‘the Reynolds number and resolution
requirements could be decreased if the positions of the recirculat-
ing regions in the flow are defined by the geometry rather than by
the viscosity and upstream conditions”. In the present study, the
values of XNW remain constant from 10 to 50 km/h as shown in
Figs. 11a and 12, and justify their assumption for single vehicle
case. However, the values of XNW will decrease with increasing
number of the preceding studied model vehicle(s) in a queue
arrangement (e.g., 0.64H, 0.54H and 0.52H for one-, two- and
three-vehicle cases at 10 km/h, respectively as shown in
Fig. 11a–c, 0.64H and 0.61H at 30 km/h (figures not shown), or
0.64H and 0.62H at 50 km/h (figures not shown) for one- and
two-vehicle cases, respectively). This length shrinkage of XNW

might be caused by the reducing blockage effect of preceding vehi-
cle(s) in respect to the height from ground as shown in Figs. 8a, 9a
and 10a.

At higher vehicle speed of 30 km/h or 50 km/h, the preceding
studied model vehicle, V2 may reduce the peak vorticity values
of xy � H=U1 from (�9.1, 8.2) to (�9.0, 7.1) or (�9.0, 8.6) to
(�8.9, 6.0), respectively (figures not shown). The corresponding
normalized circulation values Cy=ðU1 � HÞ for positive signed vor-
tex structure are also reduced from 3.5 to 3.0 (i.e., 14% reduction)
or from 3.1 to 2.3 (i.e., 25% reduction), respectively (figures not
shown). The changes induced by the preceding vehicle in the
xy � H=U1 contours for these two vehicle speeds are less obvious
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than for 10 km/h while the positively signed recirculation zone still
shows higher sensitivity than other negatively signed parts.

The Reynolds shear stress, u0w0=U2
1 contours for one-, two and

three-vehicle cases at 10 km/h are shown in Fig. 13a–c. The peak
values of u0w0=U2

1 in the lower wake region consistently decrease
from 0.025 to 0.015 and further to 0.011 with the addition of pre-
ceding vehicles, while the values of u0w0=U2

1 over the surface of
rear slant back remains 0.020 regardless of the presence of pre-
ceding vehicle(s). It should be noted that the occurrence positions
of this peak value of u0w0=U2

1 for 0.020 get much closer to the sur-
face of rear slant back and the pattern of contour lines on top is
significantly altered by the preceding vehicle(s). As the exhaust
tailpipe of vehicle is often positioned in the lower part of the
studied vehicle back, it can be inferred that preceding vehicles
may have considerable effect on the vehicular exhaust pollutant
dispersion by decreasing u0w0=U2

1 for 40% or more. More research
work is deserved for the lower wake region. Due to space limita-
tion, the contours of u0w0=U2

1 for 30 and 50 km/h cases are not
shown here. The preceding studied model vehicle, V2 also re-
duces the peak values of Reynolds shear stress u0w0=U2

1 from
(0.030, 0.034) to (0.034, 0.028) or from (0.023, 0.027) to
(0.036, 0.025) for 30 and 50 km/h, respectively, in the wake of
vehicle, V1. The changes in u0w0=U2

1 values and patterns induced
by the preceding vehicles decrease with increasing vehicle spac-
ing. It should be noted that the values of u0w0=U2

1 are prominently
weakened by the preceding vehicles while in contrast the values
of u0v 0=U2

1 are strengthened.
3.3. Wake structure in Y–Z planes

3.3.1. Vorticity contours in Y–Z plane at X/H = 1 for the studied model
vehicles at different vehicle speeds

Normalized streamwise vorticity, xx � H=U1 contours in Y–Z
plane at X/H = 1 for one-vehicle case at 10, 30 and 50 km/h are
shown in Fig. 14a–c. The flow patterns show good agreement
with the results obtained from the EFD by Kozaka et al. (2004)
and CFD by Chan et al. (2008a). A pair of counter-rotating vortices
is distributed at Y/H = ±0.25 and Z/H = 0.65 with the maximum
vorticity, xx � H=U1 values (�2.35, 2.77). The preceding studied
model vehicle, V2 at 3.1H upstream from the following studied
model vehicle, V1 has no noticeable effect on the pattern of
xx � H=U1 contours, but reduces its maximum vorticity values
to (�2.00, 2.22). The second preceding vehicle, V3 still has no
prominent effect on the contour pattern, though it can further re-
duce the maximum vorticity to (�1.91, 2.16). The corresponding
normalized circulation values Cx=ðU1 � HÞ for the three preceding
cases are 3.9, 3.7 and 3.5, respectively (i.e. 4% reduction by the
preceding vehicle V2 alone or 10% reduction by both V2 and
V3). Therefore, it can be concluded that the presence of the pre-
ceding vehicles does not have much effect on the wake structure
of V1 but has more obvious effect on the values of vorticity and
circulation in the Y–Z plane, as in the other two planes (i.e., X–
Y and X–Z). Contrary to the results of 10 km/h in X–Z plane, the
effect of preceding vehicles is more prominent in peak vorticity
than in circulation values in Y–Z plane.
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In addition to the 10 km/h case, the pattern of xx � H=U1 is
also observed to be independent of the preceding vehicle, V2
for 30 km/h and 50 km/h cases by comparing the contours of
xx � H=U1 with and without V2 cases (contours of xx � H=U1 with
V2 not shown). The effect of the preceding vehicle, V2 is also
more obvious in vorticity values than in wake structure of V1.
For 30 km/h case, the preceding vehicle, V2 reduces the maxi-
mum vorticity value xx � H=U1 of the following model vehicle,
V1 from (�2.75, 3.16) to (�2.29, 2.34) (i.e. 22% reduction) and
the normalized circulation value Cx=ðU1 � HÞ from 3.9 to 3.4 (i.e.
13% reduction). For 50 km/h case, the preceding studied model
vehicle, V2 reduces the maximum vorticity value of the following
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Fig. 12. Vorticity, xy � H=U1 contours in X–Z plane for one-vehicle case at 50 km/h
(Contour base line = 1, step = 1).
studied model vehicle, V1 from (�2.74, 3.14) to (�2.21, 2.61) (i.e.
18% reduction) and the normalized circulation value Cx=ðU1 � HÞ
from 4.0 to 3.5 (i.e. 14% reduction). It should be noted that the
vehicle spacing is almost three times (i.e, for 30 km/h) or five
times (i.e., for 50 km/h) long if compared with that of 10 km/h
case. However, the reduction in maximum vorticity value of the
following vehicle, V1 induced by the preceding vehicle(s) (i.e,
V2 only or both V2 and V3) is still comparable to the 10 km/h
case (around 17% reduction). It reveals that the decreasing effect
of preceding vehicle on the vorticity of trailing vortices from a
following vehicle is insensitive to the vehicle spacing. Watkins
and Vino (2008) have also recently presented similar findings
for the relationship between the vehicle spacing and drag force.
The curve of drag coefficient for the following studied model
vehicle is almost parallel to that for an isolated vehicle regardless
of the large vehicle spacing (i.e., X/L P 1 or X/H P 3.6).

3.3.2. Vorticity contours in Y–Z plane at X/H = 3 for the studied model
vehicles at different vehicle speeds

Normalized streamwise vorticity, xx � H=U1 contours in Y–Z
plane at X/H = 3 for one-vehicle case at 10, 30 and 50 km/h are
shown in Fig. 15a–c. Because downwash flow is the main stream
in the near-wake region of the studied model vehicle at X/H = 3,
it pushes the longitudinal vortices closer to the ground if compared
with the Fig. 14 at X/H = 1. The maximum xx � H=U1 values of the
trailing vortices for one-vehicle case at 10 km/h are (�2.35, 2.77) at
X/H = 1, (�1.90, 1.94) at X/H = 2 (figures not shown) and



Table 1
Average longitudinal peak vorticity behind the last studied model vehicle for different
vehicle speeds and arrangements of preceding studied model vehicle(s).

Vehicle speed Number of preceding vehicle(s) X/H = 1 X/H = 2 X/H = 3

10 km/h 0 2.56 1.92 1.27
1 2.11 1.50 1.25
2 2.04 1.28 1.04

30 km/h 0 2.96 2.07 1.80
1 2.31 1.86 1.67

50 km/h 0 2.94 2.08 1.74
1 2.41 1.83 1.73
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Fig. 14. Vorticity, xx � H=U1 contours in Y–Z plane at X/H = 1 for one-vehicle case
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(�1.18, 1.35) at X/H = 3. At X/H = 3, the presence of the preceding
vehicle(s) cannot induce any obvious effect in the wake structure,
as happened at X/H = 1. However, the reduction in vorticity values
induced by the preceding vehicle(s) is/are still noticeable. The
maximum xx � H=U1 values of the trailing vortices from the vehi-
cle, V1 are reduced from (�1.18, 1.35) to (�1.09, 1.21) (i.e., 9%
reduction) by the preceding vehicle, V2 only or reduced from
(�1.18, 1.35) to (�0.95, 1.12) (i.e., 19% reduction) by both preced-
ing vehicles, V2 and V3. The corresponding normalized circulation
values Cx=ðU1 � HÞ for these three preceding cases are 2.9, 2.6 and
2.0, respectively (i.e. 10% reduction by V2 alone or 31% reduction
by both V2 and V3).

The presence of the preceding vehicle, V2 for the 30 and
50 km/h cases still cannot induce any obvious effect in the wake
structure at X/H = 3 but produces some differences in vorticity
values. Therefore, only vorticity contours for one-vehicle cases
at these two vehicle speeds are shown in Fig. 15b and c,
respectively. The maximum vorticity values xx � H=U1 of the
trailing vortices from the studied model vehicle, V1 are reduced
from (�1.74, 1.85) to (�1.52, 1.82) (i.e., 7% reduction) for 30 km/
h or reduced from (�1.64, 1.84) to (�1.66, 1.81) (i.e., 0.3% reduc-
tion) for 50 km/h caused by the preceding vehicle, V2. The nor-
malized circulation values Cx=ðU1 � HÞ of trailing vortices are
reduced by V2 alone from 3.8 to 3.7 (i.e. 3% reduction) for
30 km/h and 4.2 to 3.9 (i.e. 9% reduction) for 50 km/h,
respectively.
3.4. Summary for the characteristics of maximum vorticity values for
trailing vortices at different X/H locations and vehicle speeds for one-,
two- and three-vehicle cases

Longitudinal peak vorticity values measured behind the last
studied model vehicle, V1 for different vehicle speeds and arrange-
ments of preceding studied model vehicle(s) are summarized in
Table 1.

4. Conclusions

The three-dimensional flow structures of a queue of studied
model vehicles (i.e., one-, two- and three-vehicle cases) were
investigated comprehensively in a closed-circuit wind tunnel using
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particle image velocimetry (PIV) for the typical urban vehicle
speeds (i.e., 10, 30 and 50 km/h).

The longitudinal vortices are found to be counter-rotating and
moving downstream at relatively low velocity if compared with
their surrounding flow. Inside the longitudinal vortices, there are
velocity gradients along the vortex radius for the downstream
movement, and the lowest downstream velocity occurs at vortex
cores. The velocity difference is up to 0.25U1 between the center
and edge of longitudinal vortices.

The wake flow structure of a vehicle queue is mainly dominated
by its immediate upstream vehicle rather than the incoming flow
altered by the preceding studied model vehicle(s). While the
downstream vehicle has the most pronounced effect on the wake
flow structure, all the upstream model vehicle(s) still has/have
some effects. The changes induced by the upstream vehicles in
wake flow structure are often within the order of 10%, and at an or-
der of 20% in flow properties (e.g., mean and turbulent velocity,
vorticity, shear stress etc). In the present study, it was observed
that the mean and turbulent velocities are more sensitive to vehi-
cle spacing than the shear stress and vorticity.

Cross-sectional turbulence distribution is still non-uniform in
the far-wake region. The low turbulence occurs at the center part
of the wake flow while the high turbulence occurs at its two sides.
For such a turbulence distribution, it may lead to considerable
underestimation on turbulence magnitude if the measurement is
only taken along the centerline of the vehicle wake.
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