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ABSTRACT

The wake flow of a heavy truck model is investigated at Re ¼ 8:5� 104 using particle image velocimetry measurements combined with
computational fluids dynamics-simulations. Experimental measurements are carried out on a 1:28-scale model, focusing exclusively on the
central longitudinal plane, in the rear of the truck model. Numerical simulations are performed based on the URANS (unsteady Reynolds
averaged Navier–Stokes) approach using two statistical turbulence models, i.e., the shear stress transport k–x and the baseline Reynolds
stress (BSL-RSM) models. A comparison between the numerical and experimental results of the mean velocity profiles in the wake of the
heavy truck is found to be relatively consistent. The BSL-RSM model, however, gives a better prediction of experiments, with a deviation of
6% in the near wake, against 13% for the SST k–x. Both URANS models undervalue the streamwise and spanwise turbulence intensity com-
ponents with a deviation around 24%, compared with the experimental results. The characteristic feature of the wake flow topology is the for-
mation of a recirculation bubble resulting from the shear layers separated from the truck surfaces. Different identification methods, including
visualization of closed streamlines, vorticity magnitude, and the Q-invariant criterion, are considered and highlight the existence of two par-
ticular vortex regions in the mean flow: a vortex-shedding area in the upper recirculation region and a back-truck attached vortical structure.
It is found that the Q criterion-based technique is a relevant indicator of the vortex cores regions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0150404

I. INTRODUCTION

Air pollution associated with road traffic represents a significant
health issue. Different pollutants are encountered, including carbon
monoxide (CO), nitrogen oxides (NOx), sulfur dioxide (SO2), hydro-
carbons (HC), and particulate matter (PM) such as fine and ultrafine
particles. These latter are particularly known to increase the risk of
developing cardiovascular and respiratory diseases, and lung cancer, as
they can penetrate deeply into the respiratory system reaching the
blood and cells, for the finest ones.1,2 The exhaust of diesel vehicles,
composed mainly of particles, has been classified as carcinogenic by
the International Agency for Research on Cancer.3 In addition, non-
traffic emissions, related to brake and tire abrasion, are also identified
as major contributors of fine and ultrafine particles.4,5 This type of pol-
lution is a major problem directly affecting the air quality of pedes-
trians and commuters inside adjacent vehicles cabins through
infiltration processes. Infiltration inside the vehicle would be even
more significant when the following vehicle is a bluff-type body, such
as vans, buses, and trucks.6 This problem has, therefore, aroused the

interest of environmental and health agencies, and many efforts, initia-
tives, and strategies have been initiated to reduce pollution from road
transport and thus to improve urban air quality.

Nevertheless, the search for new optimal solutions remains a big
challenge. Within this context, it seems important to characterize road
traffic pollution by considering the emissions of different types of
vehicles and more specifically to analyze the dispersion dynamics of
particles from their release sources to their dilution in the atmosphere.

The physical mechanisms governing the dispersion of pollutants
in the atmosphere are well documented. While gaseous pollutants
dynamics exhibit similarities with fluid particles, i.e., passive scalars,
when chemical reactions are ignored, the dispersion of particulate pol-
lutants is quite complex. Indeed, the dynamics of inertial particles is
strongly influenced by the topology of the turbulent flow, in particular
by complex interactions with turbulent eddy structures.7 This gives
rise to particular behaviors, such as the well-known accumulation and
clustering of particles in some preferential regions of the flow.8–11

Such particular dynamics can be illustrated, for example, by the
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tendency of small inertial particles to drift out of a vortex core and
concentrate in a region of a higher strain rate.12 It has also been
reported that large-scale, energetic, and anisotropic coherent structures
play a key role in transport processes.13

Faced with this challenge, we have been interested in the air pol-
lution resulting from road traffic of heavy trucks, specifically the influ-
ence of different parameters on the dispersion of pollutants, such as
the position of the tailpipe, the emission rate, and the volume of the
extent of the wake region. The objective is then to investigate the tur-
bulent flow characteristics in order to understand more precisely the
effects and the influence of the flow around a heavy truck on the spa-
tial distribution and dispersion of particles (fine and ultrafine). This
investigation could thus provide a good starting point to identify
appropriate control solutions to better understand the dispersion pro-
cess in order to limit or reduce the exposure of commuters to fine and
ultrafine particles. This could be, for example, an optimal placement of
the exhaust pipe, a source capture system made of absorbent materials,
and placed at appropriate locations on vehicles…

The flow in the wake of simplified light vehicles has been exten-
sively studied and documented by considering the well-known Ahmed
body.14–16 Similar to this simple-track car model, a simplified version
corresponding to heavy vehicles was developed and referred to as
ground transportation system (GTS) [Fig. 1(a)]. It consists of a single
block with the dimensions of a tractor–trailer, and without any inter-
space or wheels. The front part of the model presents rounded edges
to fit the general shape of cab-over engines, like European heavy
trucks. The GTS model is characterized by an aspect ratio of height to
width of approximately 1.4. This model has been studied for a wide
range of Reynolds numbers, up to 2 � 106, by means of experimental
techniques, using particle image velocimetry (PIV),17–19 and numerical
simulations, using large eddy simulation (LES),20,21 improved delayed
detached eddy simulation (IDDES),22,23 RANS,24 and partially aver-
aged Navier–Stokes (PANS).25

As for Ahmed’s body, the flow around the GTS geometry is very
complex and highly unsteady. The flow separates from the body at the
edges, creating a region of low pressure behind the body, which can be
observed as a wake and is characterized by high turbulence and recir-
culating flow. The wake flow exhibits interesting dynamics features

that can be ranged using the Strouhal number (St), which is a dimen-
sionless parameter that relates the frequency of the vortex detachment
to the flow velocity and to a characteristic length scale. Indeed, the bi-
stable motion is defined by the coexistence of two asymmetric up/
down vortex structures and characterized by low-frequency dynamics
(St � 10�3).28,29 On the upper wall edge, the flow separates in a vor-
tex-shedding-like motion characterized by a high frequency St � 0:19
and interacts with the recirculation bubble resulting in periodical
expansion and shrinking of the whole recirculation region in a so-
called pumping motion. This pumping phenomenon is a low-
frequency dynamics motion that is accompanied by a vortex ejection
along the wake flow at a frequency of about St � 0:08.13,18,30–32

The bi-stable wake flow displays two distinct “stable” states, into
which the flow can settle, each characterized by a different vortex pat-
tern. A first state depicted in Fig. 2 was widely observed, by
Refs. 17–19, 22, 23, and 25. In this case, the recirculation region con-
tains a main triangular vortex against the truck’s back wall (blue lines
in Fig. 2) and a second vortex, smaller in size and of elliptical shape,
located at the top of the recirculation bubble (red lines in Fig. 2). A sec-
ond state was observed,20,21,24 which is almost symmetrical to the first
state, about the longitudinal central axis of the truck. Although the
wake flow topology of the GTS model is well described for a given con-
figuration, there are, however, several parameters that influence this
flow in the wake.

The topology of the wake flow was found to be strongly influ-
enced by the aspect and clearance ratios, respectively, defined as the
ratio of the truck’s height/width and ground clearance/height.18,23

While the recirculation region always contains two main counter-
rotating vortices for an aspect ratio in a range of 1.0–2.0, the shape
and position of these two vortices vary, leading to a more or less sym-
metric wake flow.23 The wake flow topology remains unchanged for a
clearance ratio between 0.14 and 1.1, as there is sufficient space for the
flow to remain undisturbed between the GTS model and the ground.
When the clearance ratio is progressively reduced to 0.03, three new
flow topologies are observed, in which the counter-rotating vortices
take different sizes, shapes, and locations.18 The velocity under the
truck was also found to have a significant influence on the topology of
the wake flow.19 However, Castelain et al.19 have mentioned that heavy
trucks’ underbody velocities are actually less than half of the free-flow
velocity, due to the presence of wheels, axles, and other underbody
components. Consequently, simplified models, such as the GTS
model, present some limitations, as they are considered with unrealis-
tic clearance ratios and sub-body velocities, leading to non-
representative wake flow topologies. Therefore, the GTS model
appears to be too simplified to be considered in the study of particulate

FIG. 1. Simplified geometries of tractor–trailer reported in the literature: (a) GTS,26

(b) GCM.27

FIG. 2. Schematic of streamlines in the wake of the GTS, observed by Refs. 17–19, 22,
23, and 25, in the vertical longitudinal midplane of the model. The gray area represents
the back of the GTS. The wake flow consists of a large triangular vortex attached to the
truck’s rear surface (blue streamline) and a small elliptical vortex located higher in the
recirculation region (red streamline).
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dispersion from heavy-duty truck emissions. It is, thus, necessary to
investigate more realistic and detailed tractor–trailer models.

A realist simplified model of heavy trucks, known as the general
conventional model (GCM) [Fig. 1(b)], has also been extensively
investigated in the published literature. Compared to the GTS model,
the GCM includes a tractor part and a trailer part separated by a space
in between and other components, such as wheels and axles in the
sub-trailer. The GCM has been considered in a number of aerody-
namic studies,27,33–36 where the focus was mostly on drag-reduction
solutions for fuel economy purposes and a few on the flow topology
around the heavy truck model.35 Additional realistic tractor–trailer
geometries, slightly different from the GCM, were also consid-
ered.13,37–42 The recirculation regions obtained for these realistic heavy
ground vehicle variants differ slightly from the airflow observed in the
GTS model. However, the main vortex attached to the trailer back
(blue vortex in Fig. 2) is present behind both simplified and realistic
geometries. Despite the available studies on the characterization of the
wake flow of simplified heavy trucks, the flow topology behind a realis-
tic tractor–trailer such as the GCM geometry remains poorly
documented.

Therefore, in this paper, we are interested in understanding and
modeling the wake flow of a tractor–trailer with a particular focus on
the identification of vortex structures considering the significant influ-
ence they play in the dispersion of particulate pollutants. The objec-
tives of the present study are thus

• to characterize the flow and coherent structures developing in
the wake of a simplified heavy truck (GCM),

• to examine the relevance of some vortex structure identification
methods applied to the wake flow, and

• to evaluate the performance of two URANS turbulence models in
simulating a highly turbulent three-dimensional flow.

In Sec. II, the experimental and numerical methodologies, con-
sisting of PIV and RANS techniques, are briefly presented, and in Sec.
III, the flow topology is discussed, followed by a comparison between
measurements and computational fluids dynamics (CFD)-simulations
results of the heavy truck wake flow.

II. METHODOLOGY
A. Experimental methodology

1. Test facility

In this study, a simplified, reduced-scale (1:28) version of a GCM
model [Figs. 1(b) and 3], previously reported in Refs. 27 and 33–36,
was used. This model is representative of typical North American
semi-trailers with a projected nose-shaped style, with a conventional-
type cab mounted behind the engine. Its length L and width W, are,
respectively, 699 and 93mm. The characteristic length of the heavy
truck is considered as the height of the trailer, which is equal to
103mm (Fig. 3) H/W is therefore 1.11. The ground clearance C of
42mm (Fig. 3), determined by the wheels and axles dimensions, leads
to a clearance ratio C/H of 0.41. In the results presented further, the
origin of the reference frame has been taken in the middle of the trailer
rear (Fig. 3).

Measurements were performed in an open-circuit wind tunnel
shown in Fig. 3 fitted with a test section of 600mm side square and
1:50m long. A honeycomb structure was placed upstream of the test

section’s entry (Fig. 3) to damp large-scale turbulence. Figure 4 gives
the turbulence intensity measured at the wind tunnel inlet, which was
found to be less than 2%. A stationary raised floor with a rounded
leading edge allows having a zero-thickness boundary layer at the
entrance of the test section. The boundary layer thickness reaches
19mm at the end of the raised floor. The tractor–trailer model was
placed 130mm downstream of its leading edge on this floor (Fig. 3).
In this configuration, the blockage ratio of the model to the test section
frontal surfaces was below 5%, as advised by Gross and Sekscienski.43

The following results are presented for an upstream velocity U0

of 12m s�1, corresponding to a Reynolds number Re ¼ U0H=�
¼ 8:5� 104 based on the trailer’s height, where � is the air kinematic
viscosity.

FIG. 3. Wind tunnel and 1:28-scale tractor–trailer model placed in the test section,
with noticeable dimensions.

FIG. 4. Turbulent intensity (u0=U0) upstream of the truck model measured in the
wind tunnel. The gray area represents the front of the tractor. Turbulent intensity is
lower than 2% away from the walls.
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2. Measurement technique

Velocity measurements in the longitudinal vertical central xz-
plane of the heavy truck model were acquired using a 2D2C parti-
cle image velocimetry (PIV). The focus was directed exclusively to
the back of the vehicle to study the downstream flow at
Re ¼ 8:5� 104. A single case has, therefore, been investigated in
the present study.

Figure 5 depicts the main PIV devices and their relative position
to the truck. The fog generator S195G from SAFEX, associated with a
mix of water and diethylene glycol, was used to seed the test section.
Particles were illuminated in a vertical laser plane, generated by a
double-pulsed LASER Nd-YAG from DANTEC, located above the test
section (Fig. 5). It is characterized by a wavelength of 532 nm and
pulse energy of 135mJ. The thickness of the LASER sheet was around
2mm. Pictures of the enlightened moving particles were taken with a
4Mpx camera FlowSenseEO 4M-32 (Fig. 5), which is fitted with a
CCD sensor resolution of 2072� 2072 pixels2. DynamicStudio soft-
ware from DANTEC was used for the image cross correlation process-
ing to obtain 2D� ðxzÞ velocity vector maps.

The magnification factor in this configuration was around 12.7.
The default size of the interrogation area was 32� 32 pixels2, leading
to a final spatial resolution of 1:51mm, corresponding to 0:015H.
The time step between two pulses was set to 55ls for an upstream
velocity of 12m s�1. Samples of image pairs were acquired with a fre-
quency of 15Hz. The results of mean quantities were then obtained by
time-averaging a total of N¼ 1000 pairs of images, corresponding to a
measurement duration of 66:7 s.

Following Sciacchitano and Wieneke,44 uncertainties on the
mean velocityu�u and of Reynolds stresses uu0u0 ; uw0w0 can be evalu-
ated as follows:

u�u ¼
ruffiffiffiffi
N
p ¼ u0ffiffiffiffi

N
p ; (1)

uu0u0 ¼ r2
u

ffiffiffiffiffiffiffiffiffiffiffiffi
2

N � 1

r
¼ u0

2
ffiffiffiffiffiffiffiffiffiffiffiffi
2

N � 1

r
; (2)

uw0w0 ¼ r2
w

ffiffiffiffiffiffiffiffiffiffiffiffi
2

N � 1

r
¼ w0

2
ffiffiffiffiffiffiffiffiffiffiffiffi
2

N � 1

r
; (3)

where ru and rw are the standard deviations of velocity components u
and w. ru and rw correspond thus to time-averaged fluctuating x� and
z� velocity components, noted, respectively, u0 and w0 . For a complete
PIV map acquired in the wake of the truck, the spatially averaged stan-
dard deviations are ru ¼ 1:44m s�1 and rw ¼ 1:34m s�1. The esti-
mated uncertainty values are summarized in Table I. For the three
quantities, the error percentage does not exceed 1%, vindicating the reli-
ability of experimental measurements.

B. Numerical methodology

1. Modeling approach

Simulations were conducted using the incompressible unsteady
Reynolds-averaged Navier–Stokes (URANS) approach. It is based on
the Reynolds decomposition, in which any flow variable is decom-
posed into its mean and fluctuating quantities. This allows for deriving
the averaged equations that govern the mean flow behavior. The aver-
aged momentum equation and the velocity field divergence-free con-
dition which governs the mean flow dynamics are defined as follows:

@�ui

@t
þ �uj

@�ui

@xj
¼ � 1

q
@�p
@xi
þ l

q
@2�ui

@x2j
� @

@xj
u0iu
0
j

� �
; (4)

@�ui

@xi
¼ 0; (5)

where q is the density, �ui represents the mean velocity components,
and u0i represents the fluctuating velocity components. �p is the mean
pressure and l is the dynamic viscosity.

In order to close the set of the URANS equations, the statistical
correlations of the fluctuating velocity components u0iu

0
j , known as the

Reynolds stress tensor, must be determined. This consists in modeling
the effect of turbulence on the mean flow behavior. In the present study,
two turbulence models based on two different closure approaches are
investigated. A first-moment closure-based model, namely the shear-
stress transport (SST) k–x model (k is the turbulent kinetic energy and
x is the specific dissipation rate), and a second-moment closure-based
model, i.e., the baseline Reynolds stress model (BSL-RSM), are both
examined. These two models have demonstrated some capabilities in
producing some complex flows such as airflow inside car cabins of the
velocity and turbulence quantities. They also appear to return realizable
solutions of the Reynolds stress components and allow capturing the
anisotropic structure of the turbulence.45

Note that two other models of closures have been considered, a
second-moment closure-based model namely the x-Reynolds stress
model, and also an algebraic Reynolds stress model namely the explicit
algebraic Reynolds stress model (EARSM). However, in the following,
we will not present them for the sake of clarity and because the results
obtained are not much different, especially compared to the BSL-RSM
model.

FIG. 5. Truck model in the wind tunnel test section and PIV-devices, focused on
the wake of the heavy truck.

TABLE I. Spatially averaged uncertainty on time-averaged quantities, for N¼ 1000.

Quantity Q Uncertainty UQ Error percentage

u 0.045 0.37%
u0u0 0.092 0.77%
w0w0 0.080 0.67%
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In the first-moment closure approach, the Reynolds stress com-
ponents are linearly related to the mean velocity gradients following
the Boussinesq eddy-viscosity hypothesis:

u0iu
0
j ¼

2
3
kdij � 2

lt

q
Sij; (6)

where Sij ¼ 1
2 ð@�ui=@xj þ @�uj=@xiÞ is the mean strain rate tensor, and

dij is the Kronecker delta. Thus, the problem of modeling the
Reynolds tensor is reduced to determining the turbulent viscosity
coefficient lt as an isotropic scalar quantity. Models based on the
eddy-viscosity hypothesis are widely used in industrial applications,
particularly the two-equation models. The most popular are the k–e
and the k–x models, and their variants [standard k–e,46 renormaliza-
tion group (RNG) k–e,47 Realizable k–e,48 standard k–x,49 shear-stress
transport (SST) k–x,50…].

In the k–x SST model, turbulent viscosity is obtained by solving
two additional transport of the turbulent kinetic energy k, and the spe-
cific dissipation rate x, referred to as the characteristic frequency for
the large eddies, x � e=k, with e, the dissipation rate. This model was
developed by blending between the Wilcox standard k–x model in the
near wall region with the standard k–e formulation in the outer part of
the boundary layer.50 In this case, the turbulent viscosity is expressed
as follows:

lt ¼
qa1k

max a1x; SF2½ � : (7)

The transport equations of k and x are defined as

@qk
@t
þ @

@xi
qk�uið Þ ¼ @

@xj
ðlþ rkltÞ

@k
@xj

" #
þ Pk � b�qxk; (8)

@qx
@t
þ @

@xi
qx�uið Þ ¼

@

@xj
ðlþ rxltÞ

@x
@xj

" #
þ qc

lt
Pk

�bqx2 þ 2q 1� F1ð Þrx;2

x
@k
@xj

@x
@xj

; (9)

where Pk represents the production of turbulence kinetic energy. It is
modeled as

Pk ¼ �qu0iu
0
j
@�ui

@xj
� ltS

2 (10)

with S ¼
ffiffiffiffiffiffiffiffiffiffiffi
2SijSij

p
.

The different coefficients of the model, noted/, (/¼ {rk, rx, b, c}),
are defined by blending between the k–x (/1) and k–e (/2) formulations
in the form

/ ¼ F1/1 þ ð1� F1Þ/2 (11)

with

rk1 ¼ 0:85; rx1 ¼ 0:5; b1 ¼ 0:075; a1 ¼ 0:31;

b� ¼ 0:09; j ¼ 0:41; c1 ¼ b1=b
� � rx1j2=

ffiffiffiffiffi
b�

p
and

rk2 ¼ 1:0; rx2 ¼ 0:856; b2 ¼ 0:0828;

c2 ¼ b2=b
� � rx2j2=

ffiffiffiffiffi
b�

p
:

The blending functions F1 and F2 are defined as

F1 ¼ tanh arg41
� �

; F2 ¼ tanh arg22
� �

;

arg1 ¼ min max

ffiffiffi
k
p

0:09xy
;
500l
qy2x

 !
;
4qrx;2k
CDkxy2

" #
;

arg2 ¼ max 2

ffiffiffi
k
p

0:09xy
;
500l
qy2x

" #
;

CDkx ¼ max 2qrx;2
1
x
@k
@xj

@x
@xj

; 10�20
" #

:

On the other hand, in the Reynolds stress model, Navier–Stokes
equations are closed by solving directly the transport equations for the
Reynolds stresses, together with an equation for the turbulent dissipa-
tion rate or the specific dissipation rate.51 The first and most well-
known fully developed RSM models are the Launder–Reece–Rodi
(LRR)52 and the Speziale–Sarkar–Gatski (SSG)53 versions. In this paper,
the baseline Reynolds stress model (BSL-RSM) variant was used. It is
constructed based on the LRR model,52 with a transport equation of the
specific dissipation rate of the two-equation BSL model.50 The exact
transport equations for the Reynolds stresses can be written as follows:

@

@t
qu0iu

0
j

� �
þ @

@xk
q�uku0iu

0
j

� �
¼ DT;ij þ DL;ij þ Pij þ IIij þ eij;

(12)

where Pij and DL;ij are, respectively, the stress production and the
molecular diffusion terms, expressed as follows:

Pij ¼ �q u0iu
0
k

@�uj

@xk
þ u0ju

0
k

@�ui

@xk

� �
; (13)

DL;ij ¼
@

@xk
l
@

@xk
u0iu
0
j

� �	 

; (14)

and eij is the dissipation rate, IIij, the pressure strain term, and DTij, the
turbulent diffusion term. They are modeled as follows:51

eij ¼ �2l
@u0i
@xk

@u0j
@xk
� � 2

3
dijqb�kx; (15)

IIij ¼ p0
@u0i
@xj
þ
@u0j
@xi

 !
� �C1qb�x u0iu

0
j �

2
3
kdij
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1
3
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1
3
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1
3
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; (16)

DTij ¼ �
@

@xk
qu0iu

0
ju
0
k þ p0 dkju0i þ diku0j

� �h i
� @

@xk

lt

rk

@

@xk
u0iu
0
j

� �	 

;

(17)

with

Dij ¼ �q u0iu0m
@�um

@xj
þ u0ju

0
m
@�um

@xi

 !
;

â0 ¼ ð8þ C2Þ=11; b̂0 ¼ ð8C2 � 2Þ=11;
ĉ0 ¼ ð60C2 � 4Þ=55; C1 ¼ 1:8; C2 ¼ 0:52:
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In this study, simulations were performed using the k–x SST and
BSL-RSM versions implemented in ANSYS Fluent solver.51

Furthermore, a yþ-insensitive type formulation is applied as a near-
wall turbulence treatment model, yþ being the dimensionless wall
distance. This is defined by blending the viscous sublayer and the loga-
rithmic layer formulations based on yþ. The non-dimensional near
wall velocity profile, uþ, is expressed in the form51

uþblend ¼ fuðuþsub; uþlogÞ;
uþsub ¼ yþ;

uþlog ¼
1
j
lnðyþÞ þ C;

8>>><
>>>:

(18)

where fu is the blending function and C is a log-layer constant.In a
similar way, the value of x is obtained as follows:

xþblend ¼ fxðxþsub;xþlogÞ;

xþsub ¼
6

Cx2 yþ2
;

xþlog ¼
1ffiffiffiffiffiffi
Cl

p
yþ

8>>>>>><
>>>>>>:

(19)

with fx being the blending function, and Cx2 and Cl, the model
constants.

Concerning the k-equation wall boundary condition, a zero flux
condition is applied at the wall: @k@n jwall ¼ 0, with n, the wall-normal
coordinate.

2. Numerical setup

Simulations were performed on a heavy truck geometry identical
to the experimental measurement configuration in the wind tunnel.
The calculation domain was set according to the wind tunnel, with
dimensions equivalent to the experimental test section dimensions,
given in Fig. 6. However, the length downstream of the truck was
extended to 29H, to ensure that the flow is not disturbed downstream
of the computational domain. No offset between the wheels and the
ground was set in order to keep the same ground clearance between
experiments and simulations.

The inlet was set in the domain’s entry, with a mean velocity of
12m s�1 and a low turbulence intensity of 1%, in accordance with the
turbulence intensity measured experimentally (Fig. 4). Downstream of
the domain, boundary condition was set as pressure outlet. All side

walls (lateral, top, and bottom walls) were assigned stationary walls
boundary condition type. Simulations were run for 5 s with a time step
of 10�3 s. For asymmetrical flows such as heavy truck recirculation
region, it was found that the flow topology remains unchanged for
time steps below 10�3 s.22 Initially, simulations were run for 3:3 s, cor-
responding to 10Tf , where Tf is defined as the characteristic convec-
tive time it takes for a fluid particle to cover the domain length from
the entrance to the exit. Then, simulations were run for an additional
5Tf (�1:7 s) for statistical data sampling.

The mosaic poly-hexcore mesh from Fluent Meshing was gener-
ated. It consists of a structured mesh made of hexahedral cells away
from the walls, and an unstructured mesh made of polyhedral cells in
the near-wall regions (Fig. 7). This type of grid offers the advantage of
reducing the total number of cells and thus the computation time, com-
pared to tetrahedral, polyhedral, or hexagonal meshes, while maintain-
ing a good mesh quality.54 Ten inflation layers were applied to the walls
with a growth rate of 1.15, to take into account boundary layers. The
first layer thickness was fixed at 0:05mm to guarantee a yþ value within
�1. A refined grid was applied to curved surfaces like wheels, trailer
axles, stairs, and deflectors to ensure an acceptable mesh quality. A body
of influence refinement method was applied around and in the wake of
the heavy truck to obtain a refinedmesh near the truckmodel (Fig. 7).

Three different meshes were generated by varying the cell size in
the body of influence. Surface refinements and inflation parameters
have not been modified between grids. The distribution of yþ remains
quite unchanged for the three meshes; yþ is below 4.5 and around 1
for 99% of wall cells (Fig. 8). Mesh sensitivity, in a steady state

FIG. 6. Fluid computational domain and its dimensions.

FIG. 7. Poly-hecxore mesh of 12M cells in the central longitudinal plane.

FIG. 8. yþ distribution for the medium mesh. yþ is around 1 for 99% of cells.
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configuration, was performed between these three meshes: a coarse
mesh, a medium mesh, and a fine mesh consisting of 3, 12, and 34
� 106 cells, respectively. The normalized streamwise velocity u=U0

and turbulent kinetic energy (TKE) k profiles are given in Fig. 9 for the
three meshes, obtained with the SST k� x and the BSL-RSM models.
Figure 9 shows similar velocity profiles for the three meshes and for
both simulation models. However, turbulent kinetic energy profiles
appear more scattered (Fig. 9), especially for those obtained with the
BSL-RSM. For both first- and second-moment closure models, the
coarse grid gives higher values of TKE than medium and fine meshes.

Differences between the different profiles were quantified using
the normalized root mean square error (NRMSE), normalized by the
difference between the maximum and minimum of the reference data
[here, finest mesh data, or PIV measurements data in simulation-
experiment comparison (Sec. III)]. NRMSE values of u and k are listed
in Table II for comparison between coarse and medium grids (noted
coarse–medium), and between medium and fine grids (noted
medium–fine). NRMSE values obtained for the streamwise velocity
profiles u remain limited for both k–x SST and BSL-RSM models and

do not exceed 5% (Table II). This is not the case for TKE profiles,
where the coarse mesh differs from the other grids. A larger but still
limited NRMSE value is observed for both turbulence models, of
around 10%. However, an important deviation is observed on TKE
profiles obtained for the BSL-RSM between coarse and medium grids,
with an NRMSE value of 26:6% (Table II).

For both turbulence models tested here, the medium mesh
appears to be the best compromise between results accuracy and ele-
ments number, and thus calculation duration. The medium mesh of
12 � 106 cells, with a spatial resolution (grid size) in the wake of the
heavy truck of 0:034H, was, therefore, selected (Fig. 7).

Uncertainties associated with the choice of the turbulence closure
model have been estimated considering all the turbulence models
investigated in this study (SST k� x, EARSM, xRSM, and BSL-
RSM). The absolute relative deviations to the mean value of the four
models computed for the four models are given in Table III, regarding
global drag coefficient, and streamwise velocity and Reynolds stress
components on profiles x=H ¼ f0:25; 0:5; 0:75; 1; 1:25; 1:5g. As
shown, relative deviations calculated for the drag coefficients and the
streamwise velocity are low. The corresponding values are, respec-
tively, less than 3:5% and less than 1%. However, they reach values
over 30% for the Reynolds stress components for both SST k� x and
xRSM models.

III. RESULTS
A. Flow field

Simulation and PIV results of the normalized velocity magnitude
and streamlines in the wake region are displayed in Fig. 10. The flow
around the heavy truck is mainly characterized by a large pressure
drop in the wake area.55 Boundary layers formed along the truck surfa-
ces separate at the edge corners contributing to the formation of a
recirculation region.

The literature on heavy trucks aerodynamics27,33–37,41 shows that
airflow characteristics, including drag, turbulence, and pressure distribu-
tion, are highly dependent on the shape, size, and surface characteristics
of the truck. The time-averaged drag coefficient returned by the two
numerical models is, respectively, 0.5786 0.002 and 0.6056 0.002 for
the SST k� x and BSL-RSM models. Small variations in drag

FIG. 9. Normalized streamwise velocity profiles and turbulent kinetic energy (TKE)
on line x¼H, for coarse, medium, and fine grids and for both turbulence models.
Streamwise velocity profiles are similar for the three grids, whereas some differ-
ences appear on TKE profiles, especially between the coarse and other grids.
These differences are more pronounced with the BSL-RSM.

TABLE II. Normalized root mean square errors between grids.

u k
SST k� x BSL–RSM SST k� x BSL–RSM

Coarse–medium 4.1% 2.7% 10.9% 26.6%
Medium–fine 3.1% 4.3% 9.5% 8.1%

TABLE III. Absolute relative deviations of the drag coefficient, velocity, and Reynolds
stress, for the four tested turbulence models.

SST k� x EARSM xRSM BSL-RSM

Drag coefficient 3.3% 3.3% 1.3% 1.3%
Streamwise velocity 0.6% 0.5% 0.03% 0.1%
Reynolds stress 31.1% 4.3% 32.2% 5.4%
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coefficients of less than 0:4% were observed during data statistical sam-
pling. Drag coefficient values are quite similar to the one obtained by
Taubert and Wygnanski,41 which is 0.62, for a similar heavy truck
geometry and at a close Reynolds number of 1:7� 105.

For each studied case [Figs. 10(a)–10(c)], the flow separates in
the upper back corner of the trailer, at ðx=H; z=HÞ ¼ ð0; 0:5Þ, leading
to the formation of a noticeable shear layer at the top of the recircula-
tion region, called the upper shear layer.40 For both numerical and
experimental results [Figs. 10(a)–10(c)], a second shear layer (lower
shear layer) with lower velocity gradients arises from the truck’s
sub-trailer (x=H ¼ 0; z=H < �0:5) and rolls up, leading to a counter-
clockwise vortex (A) directly attached to the back of the truck. A
saddle point (point S), described further in this section is visible in the
three cartographies [Figs. 10(a)–10(c)]. The simulation and the experi-
mental PIV results indicate significant differences in the size and shape
of the “A” vortex structures (Fig. 10).

When focusing on streamlines, the size of the A vortex appears
underestimated with the SST k� x model as depicted in Fig. 10(a),
compared to the experimental results [Fig. 10(c)]. The A vortex [Fig.
10(a)] fills less than the lower half of the trailer’s height while its height
is greater for the RSM model [Fig. 10(b)] and PIV measurements [Fig.
10(c)], and is, respectively, 0:65H and 0:75H. The eddy turnover
period obtained with the SST k� x and BSL-RSM models was found

to equal, respectively, 0:049 and 0:088 s, against 0:071 s for experi-
ments results. The BSL-RSM approaches, thus, better the A vortex
than the SST k� x model, in comparison with the experimental
results.

Streamlines indicate that an additional vortex (B), rotating clock-
wise and located at the top of the recirculation region, occurs in both
numerical cartographies [Figs. 10(a) and 10(b)]. This “B” vortex is the
result of the interaction between the upper shear layers and the A vor-
tex described earlier.40 The B vortex size differs considerably between
the two RANS models [Figs. 10(a) and 10(b)]. For the SST k� x
model [Fig. 10(a)], the B vortex covers a large part of the recirculation
region, reminding of a backward-facing step flow. This B vortex
is more than three times smaller in height for the BSL-RSM model
[Fig. 10(b)].

A third vortical structure (C) is also visible in the BSL-RSM
model results [Fig. 10(b)], located in the lower part of the recircu-
lation region. This structure originates from the lower part of the
under-body of the heavy truck, more precisely from the recircula-
tion zone formed behind the rear wheels. This airflow attached to
the ground is driven by the airflow coming from both sides of the
trailer and converging to the central mid-plane of the truck, which
results in the formation of the “C” structure in the middle of the
recirculation region.

FIG. 10. Contours of velocity magnitude and streamlines in the wake of the heavy truck, in the vertical longitudinal midplane (xz), obtained numerically with the (a) SST k � x,
(b) BSL-RSM, and (c) obtained experimentally. The gray area represents the trailer’s back. Letters (A), (B), and (C) identify the three different vortices appearing in the recircu-
lation region. Point (S) locates the saddle point. (A) vortex occurs on the three maps while (B) vortex only appears on numerical results.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 065104 (2023); doi: 10.1063/5.0150404 35, 065104-8

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0150404/17938156/065104_1_5.0150404.pdf

pubs.aip.org/aip/phf


A and B vortices have also been highlighted in existing studies on
heavy-truck-like models, for Reynolds numbers ranging from 2:7
� 104 to 6� 105.18,19,22,23,25 The vortices center locations emerging
from the present and previously cited studies are presented in Fig. 11.
The A vortex center locations predicted in the present three cases are
similar to those of the existing studies of McArthur et al.,18 Lo and
Kontis,40 and Rao et al.,20 given in Fig. 11, especially for PIV results.
However, numerical RANS models tend to locate the A vortex center
lower in the recirculation region, compared to experiments18,40 and
LES20 (Fig. 11). The B vortex has already been observed in the wake
flow of the GTS model.18–20,22,23,25 B vortices centers are spatially scat-
tered (Fig. 11), as simulation models used in the present study locate
the B vortex center lower and further than experiments18 and LES20 in
the recirculation region (Fig. 11).

From the simulation results [Figs. 10(a) and 10(b)], we can iden-
tify a saddle point “S,” also observed by Ref. 18, dividing the flow into
four parts (Fig. 12): part #1, containing the B vortex structure, part #2,
where streamlines of negative streamwise velocity values circulate
between the A and B vortices, part #3, outside of the recirculation
region, where the flow of positive streamwise velocities is attached to
the ground, and part #4, outside of the wake zone, where the flow
directly comes from the top of the trailer. This point thus borders the
recirculation region, where streamwise velocities are negatives, and
thus directed toward the heavy truck. The saddle point is observed at,

respectively, ðx=H; z=HÞ ¼ ð1:9;�0:55Þ and ðx=H; z=HÞ ¼ ð1:85;
�0:04Þ in the SST k� x [Fig. 10(a)] and BSL-RSM [Fig. 10(b)] mod-
els. For the BSL-RSM [Fig. 10(b)], its relative position to other vortices
is qualitatively similar to that depicted by McArthur et al.18 In the
upper part of the recirculation region obtained experimentally
[Fig. 10(c)], streamlines are highly curved and a saddle point is yet visi-
ble at ðx=H; z=HÞ ¼ ð1:28; 0:22Þ, delimiting the recirculation region.
The extent of the recirculation bubble is therefore highly over-
estimated by both numerical models compared to experiments, by
approximately x � 0:6H, which is about 40% of the mean length of
the recirculation region.

Finally, we can notice that the B vortex structure observed
numerically is not visible in the experimental PIV results of the mean
velocity streamlines [Fig. 10(c)]. This can be explained by the unsteady
character of the vortex-shedding flow. Indeed, flows in the wake of
three-dimensional bluff bodies are known to be complex and highly
unsteady,28–32,56 and the time-averaging process of the wake flow
obtained experimentally does not allow the observation of the B vor-
tex. This can be verified by displaying snapshots of the instantaneous
streamlines of four consecutive samples as presented in Fig. 13. The A
vortex is visible in each of the four samples. Other small vortices,
marked by the cross symbols in Fig. 13, are also visible in the upper
shear layer. On Fig. 13(a), two vortices labeled by red crosses are
located at x=H ¼ 0:49 and x=H ¼ 0:68. On Fig. 13(b), two equally
spaced vortices appear x � 0:25H further in the upper shear layer.
These vortices seem to originate from vortex shedding due to the
detachment of the flow at the trailer’s rear top corner. One may
assume that vortices marked by red crosses are in fact the same in
Figs. 13(a) and 13(b). In this way, vortices labeled by a colored cross

FIG. 11. Location of vortices centers obtained in the present study (Re ¼ 8:5� 104)
and in McArthur et al.18 (Re ¼ 2:7� 104), Lo and Kontis40 (Re ¼ 6� 105) and Rao
et al.20 (Re ¼ 2:7� 104). (A) vortices centers appear localized while (B) vortices cen-
ters are more dispersed. (C) vortex only appears when using the BSL-RSM model.

FIG. 12. Four zones identified in the wake of the heavy truck, obtained with the
BSL-RSM.

FIG. 13. PIV instantaneous streamlines in the wake of the heavy truck, in the verti-
cal longitudinal midplane (xz), for four consecutive snapshots: (a) t ¼ 7:400 s, (b)
t ¼ 7:467 s, (c) t ¼ 7:533 s, and (d) t ¼ 7:600 s. Small vortices appear in the
upper shear layer, identified by colored crosses.
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would be the same vortices convected by the upper shear layer. When
vortices approach the saddle point, between x=H ¼ 1:2 and x=H
¼ 1:3 [red crosses, Figs. 13(c) and 13(d)], eddy structures tend to pro-
gressively break off, corresponding to the pumping phenomenon.
Similar time-averaged and instantaneous flow topologies have been
reported by Lo and Kontis.40 According to Ref. 40, the upper shear
layer interacts with the A vortex at the top of the recirculation region,
which produces a flapping movement of the upper shear layer. In this
way, the B vortex emerges and propagates along the upper shear layer,
where it progressively disappears. Regrettably, experimental means
used in the present study limit the PIV sampling frequency to 15Hz
(St � 0:13Þ, whereas the vortex shedding characteristic Strouhal
number, reported by Refs. 13 and 18 is around 0.19.

It should be noted that the issue of the B vortex only appearing
on numerical results, compared to experimental results, has already
been reported by Refs. 13 and 42, who studied a realistic heavy truck
geometry using LES, in comparison with the PIV study of Lo and
Kontis.40

B. Velocity profiles

Figure 14 shows a comparison between numerical and experi-
mental streamwise mean velocity profiles downstream of the truck
model, at x ¼ 0:25H; x ¼ 0:5H; x ¼ 0:75H, x¼H, x ¼ 1:25H, and
x ¼ 1:5H. Error bars of PIV data are displayed, corresponding tou�u ,
computed using Fig. 2. It can be seen that there is a fairly good agree-
ment between simulations and experiments. Gray vertical lines
u=U0 ¼ 0 help to distinguish negative from positive velocities.

In the recirculation region ð�0:5 � z=H � 0:5Þ, most numerical
profiles present negative values of the streamwise velocity, correspond-
ing to the recirculation region located upstream of the saddle point.

Experimental data show negative velocities for the first four profiles
(x=H ¼ f0:25; 0:5; 0:75; 1g), velocities around zero on profile
x ¼ 1:25H, and positive velocities on the last profile x ¼ 1:5H. This is
consistent with the previous description in Fig. 10(c), where the saddle
point obtained with PIV (Sexp on Fig. 14) is observed around
x=H ¼ 1:28, corresponding to the end of the recirculation region.
Numerical simulations return negative streamwise velocities for
�0:5 � z=H � 0:5 and up to x ¼ 1:5H. Streamwise velocities of the
last two profiles are highly undervalued compared with experiments,
as they are outside the error bars. The previous observation based on
the mean flow cartographies (Fig. 10), concerning the overestimation
of the recirculation region extent obtained with both numerical mod-
els, is confirmed, considering the velocity profiles (Fig. 14).

The BSL-RSM model reproduces properly the shape of velocity
distribution profiles either in the lower part (z=H � �0:5) as well as
in the whole recirculation region ð�0:5 � z=H � 0:5Þ, for profiles
x ¼ 0:25H; x ¼ 0:5H; x ¼ 0:75H and x¼H, where the streamwise
velocity profiles are quite identical. Some differences are visible on pro-
files x ¼ 1:5H, which is related to the large extent of the recirculation
zone predicted by the BSL-RSM model in comparison with PIV
experiments. The SST k–x model, on the other hand, shows signifi-
cant discrepancies in the near-ground region. In the lower part of the
velocity profiles (z=H � �0:5), where error bars are larger, stream-
wise velocities obtained with the SST k� x model are negative in
comparison with the BSL-RSM model and experimental results which
are positive. As observed in Fig. 10(a), the SST k� x model does not
reproduce well the lower part of the recirculation region obtained
experimentally, where the flow attached to the ground has negative
streamwise velocity components. Note that in the published papers of
Wang et al.13 and Xie et al.,42 the application of LES for simulating the
flow behind a realistic truck also showed noticeable differences when
comparing the mean velocity profiles with the experimental measure-
ment results reported by Lo and Kontis.40

The BSL-RSM shows an overall better agreement with experi-
ments than the SST k� x model, especially for profiles
x=H ¼ f0:25; 0:5; 0:75; 1g. The corresponding NRMSE values vary
between 5.3% and 6.3%, while for the SST k� x model; they vary
between 9.1% and 12.7%. However, differences between experiments
and simulations increase when advancing in the wake flow. Indeed,
for the velocity profile x ¼ 1:5H, the NRMSE value exceeds 20% for
both numerical models, which is related to the difference in the size of
the predicted recirculation zone. Differences between numerical and
experimental results remain overall relatively limited, particularly in
the case of the BSL-RSM model where velocity profiles are in good
agreement with PIV results, especially for profiles
x=H ¼ f0:25; 0:5; 0:75; 1g. To confirm this, profiles of fluctuated
velocity correlations are investigated in Sec. III C.

C. Reynolds stresses

In Fig. 15, a comparison between THE numerical and experi-
mental results of the Reynolds stress components, normalized relative
to the freestream velocity, IS presented along six vertical profiles
x ¼ 0:25H; x ¼ 0:5H; x ¼ 0:75H, x¼H, x ¼ 1:25H, and
x ¼ 1:5H.

In Fig. 15(a), the streamwise turbulence intensity returned by the
numerical models is reasonably in good agreement in the shear layer
region ð0:25 � z=H � 0:5Þ and generally in the upper part of the

FIG. 14. Normalized streamwise (x�) velocity on vertical lines in plane (xz), in the
wake of the heavy truck. The gray area represents the trailer’s back. The first four
profiles show a good agreement between experiments and simulation. The two last
profiles show a slightly lower accordance, especially for the SST k � x.
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vertical profiles ðz=H 	 0Þ. The maximum level of the turbulence
intensity is of the order of 20%, which corresponds to the region of
turbulent kinetic energy production due to the important streamwise
velocity gradients, that is in the upper shear layer ð0:25 � z=H
� 0:5Þ. Except for the first profile, the BSL-RSM model appears to
reproduce well the turbulence intensity peaks of experimental results

in comparison with the SST k–x model where peaks are slightly
underestimated. In the bottom part of the turbulence intensity profiles
ðz=H � 0Þ, discrepancies between numerical and experimental results
are pronounced, especially for the x ¼ 0:25H profile. The measured
turbulence intensity is considerably high near the back truck tail
ðz=H � �0:3Þ which is reasonable given the bounded region within
the ground and the back truck walls. The SST k–x model seems to be
relatively more consistent with PIV than the BSL-RSM model to pre-
dict the streamwise Reynolds stress component in the lower part of
the wake flow, but the differences are significant in some points. The
NRMSE are relatively high, approximately 27% in all profiles for the
BSL-RSM model, while it varies, for the SST k–x, between 18% and
23% in the first five profiles, and it reaches 28% in profile x ¼ 1:5H.

In Fig. 15(b), similar comments as in the streamwise turbulence
intensity profiles can be made, in the case of the spanwise turbulence
intensity component. In the upper part, both the BSL-RSM and SST
k–x models are consistent with the PIV results, especially for profiles
x=H ¼ f0:5; 0:75; 1g. The level of turbulence exceeds 15% along the
shear stress layer ð0:25 � z=H � 0:5Þ. In the bottom part ðz=H � 0Þ,
the two turbulence models predict no satisfactory results. The k–x
SST model returns reasonably the correct level of turbulence intensity
for profiles x=H ¼ f0:75; 1; 1:25; 1:5g, unlike the BSL-RSM model
where the level of turbulence is underestimated in all profiles. The cor-
responding NRMSE values are about 29% in the back truck closest
profile and vary between 14% and 19% in the other profiles of the SST
k–x model. In the BSL-RSM model, NRMSE values are between 21%
and 31%.

However, one must keep in mind that the limitations of numeri-
cal models in predicting the experimental results of the turbulence
intensity must be nuanced given the relevance of the PIV measure-
ment technique used in this study, where the acquisition frequency of
15Hz may not be sufficient to measure the fluctuating turbulent quan-
tities. Considering the results presented in Secs. IIIA–III C, that are
flow field, velocity profiles, and Reynolds stresses profiles, the BSL-
RSM approaches the experimental results of the flow in the wake of a
heavy truck better than the SST k� x model. Nevertheless, other
quantities, such as vortex identification criteria, must be investigated
to confirm this finding.

D. Identification of coherent vortical structures

The previous results (Sec. IIIA) have highlighted the topology of
the wake flow of the simplified heavy truck, through the streamline
patterns. Two counter-rotating vortices are observed with both RANS-
models [Figs. 10(a) and 10(b)] whereas a single counterclockwise vor-
tex appears on the time-averaged flow field obtained by PIV [Fig.
10(c)]. On the other hand, the instantaneous streamlines (Fig. 13)
indicate that vortex shedding may occur in the upper shear layer.
However, these results are not sufficient to affirm the existence of eddy
structures described in Sec. IIIA. For a more detailed analysis of vortex
structures in the wake flow, other identification methods are consid-
ered in the following.

According to Hunt et al.,57 vortical structures are defined as
strong swirling zones with non-zero vorticity. Two criteria allow for
characterizing these flow regions. The first criterion is that the irrota-
tional straining is small compared with the vorticity, and the second
criterion is defined by a minimum local pressure in the vortex center.

FIG. 15. Normalized (a) streamwise and (b) spanwise Reynolds Stress components
on vertical lines x=H ¼ f0:25; 0:5; 0:75; 1; 1:25; 1:5g. The overall trend of experi-
mental Reynolds stresses is reproduced by both numerical models. However, nota-
ble differences between PIV and simulation results are measured near the ground,
where the turbulent intensity values almost reach 30%.
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There exist various methods allowing the identification of vortical
structures in turbulent flows. In Sec. IIIA, eddy structures were identi-
fied by considering closed spiraling streamlines of a time-averaged
velocity field. This method is consistent with the detection approach
reported by Lugt,58 who suggested examining regions of closed
streamlines in different time-sequence of instantaneous streamline
patterns and making sure that their center’s locations do not move rel-
ative to their respective reference. This approach, however, may not be
the appropriate technique to use in complex three-dimensional flows
because the vortex core is not Galilean invariant, and may appear not
appropriate to identify vortex in a turbulent flow containing numerous
vortices advecting at different speeds.59 Visualization of the local mini-
mum pressure is also commonly used as an indicator to determine the
vortex core region,59,60 as well as the maximum vorticity magnitude,
which seems to be a pertinent technique for the identification of vortex
structures.61–63

Methods based on Galilean invariants have been developed for
the identification of vortex structures by using the invariants of the
velocity gradient tensor ru. Chong et al.64 identified the core vortex
as a region with complex eigenvalues r satisfying the characteristic
equation,

r3 � Pr2 þ Qr� R ¼ 0; (20)

where the invariants P, Q and R are defined as

P � @ui
@xi
¼ 0; (21a)

Q � 1
2

@ui
@xi

@ui
@xi
� @ui
@xj

@uj
@xi

 !
; (21b)

R ¼ det
@ui
@xj

 !
: (21c)

Hunt et al.,57 on the other hand, defined the vortex structure as a
region with a positive second invariant Q, which can be expressed by
the following equation:59

Q � 1
2

@ui
@xi

@ui
@xi
� @ui
@xj

@uj
@xi

 !
¼ � 1

2
@ui
@xj

@uj
@xi

 !

¼ 1
2
ðjjXjj2 � jjSjj2Þ; (22)

where jjSjj ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
trðSSt

p
Þ; jjXjj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
trðXXt

p
Þ, and S and X are, respec-

tively, the symmetric (strain-rate tensor) and antisymmetric (vorticity
tensor) components of ru. Thus, Q represents the local balance
between vorticity and shear strain rate magnitude.

In the following, two techniques of identification of vortex struc-
tures, i.e., the vorticity magnitude, and the Q-criterion-based methods,

FIG. 16. Spanwise y-vorticity magnitude and streamlines in the wake of the heavy truck, in the vertical midplane (xz), obtained numerically with the (a) SST k � x, (b) BSL-
RSM, and (c) obtained experimentally. The gray area represents the trailer’s back. Letters (A), (B), and (C) stand for vortices identified by streamlines. Highest values of vortic-
ity are observed in the upper shear layer.
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are examined by analyzing numerical and PIV results in the wake of
the heavy truck. Figures 16 and 17 show, respectively, contours of the
y-vorticity magnitude and Q-criterion in the longitudinal vertical
plane, behind the truck, obtained with the SST k� x model, the BSL-
RSMmodel, and with experiments.

In Fig. 16, it can be seen that the two turbulence models and PIV
results display some resemblance in the vorticity contours. The vortic-
ity produced on the truck surfaces is spreading into the wake region.
Under the truck, high values of vorticity magnitude indicate that vorti-
cal structures are produced into the wake flow, resulting in the A vor-
tex, which expands by the vortex stretching mechanism. This vortex is
well identified in the three contours with some difference in the size of
the vortex predicted by the k–x SST model [Fig. 16(a)], which appears
shrunken. This is consistent with previous results of streamlines pre-
sented in Sec. IIIA (Fig. 10). On the upper part, an elongated vorticity
region covers the shear layer zone referred to as the vortex shedding
zone. This is well illustrated by the high values in the vorticity magni-
tude. However, neither in the simulation nor on experiments contours,
the upper vortex core (the observed B vortex on streamlines) is well
identified. Finally, the vorticity produced in the near-ground boundary
layer is also visible for the three contours (Fig. 16).

Visualization of the Q-criterion results Fig. 17, on the other
hand, allows identifying vortex core regions characterized by high val-
ues of the Q-criterion. Two distinct regions of vortical structures

appear and are quasi-identical in the numerical [Figs. 17(a) and 17(b)]
and experimental results [Fig. 17(c)]. The A vortex is well illustrated,
with some resemblance, particularly between the BSL-RSM model
[Fig. 17(b)] and PIV results [Fig. 17(c)]. This vortex is also visible in
the k–x SST model [Fig. 17(a)] but it seems shrunken and less ele-
vated. The second region of vortical structures identified by the Q-
criterion is the shear layer region, where vorticity is produced at the
top corner of the truck surface and propagates into the wake region as
a shear flow with vortices. An important difference is reported in the
PIV results [Fig. 17(c)] where it can be noticed that distinct vortex
cores are well identified, unlike the numerical models where only the
separation at the top corner of the truck is detected.

Also unlike the vorticity magnitude visualization method, the Q-
criterion allows excluding regions with relatively high vorticity, where
no vortex occurs: in the ground boundary layer, in the under-trailer,
and in the whole upper shear layer. Q-criterion, thus, provides an
important advantage over vorticity magnitude, particularly when the
background shear is comparable to the vorticity magnitude within the
vortex as reported by Jeong and Hussain.59 Finally, it can be pointed
out that identifying vortical structures exclusively on the basis of
streamlines does not seem suitable. Indeed, despite the correct identifi-
cation of the A vortex, the identification of the upper shear layer
region as a second vortex does not appear pertinent. In this case, the
use of the Q-contours method is preferred. The vorticity magnitude-

FIG. 17. Q-criterion and streamlines in the wake of the heavy truck, in the vertical midplane (xz), obtained numerically with the (a) SST k � x, (b) BSL-RSM and (c) obtained
experimentally. The gray area represents the trailer’s back. Letters (A), (B), and (C) stand for vortices identified by streamlines. Q-criterion maxima clearly identify the (A) vortex
and vortices occurring in the upper shear layer.
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based technique, on the other hand, appears appropriate in this case
but it may present some limitations in the case of wall-bounded flows
since it tends to highlight the background shear too.

Finally, in order to get a general overview of the vortex structures
developing around the truck body, a three-dimensional visualization
of the vortex structures prevalent in the mean flow is shown in Fig. 18,
obtained with the BSL-RSM simulation model, using Q-criterion iso-
surfaces and colored by the velocity magnitude, normalized by U0. It
can be observed that when the flow encounters the front of the truck,
it is forced to separate from the body and forms a low-pressure region.
This separation leads to the formation of large vortices that trail
behind the truck and in the intermediate gap, between the tractor and
the trailer. At the front, the flow is deflected to the sides and longitudi-
nal vortex structures are driven along the sides of the truck. In addi-
tion, near the wheels, vortex structures are visible. This is the result of
the interaction of the flow with under-body elements. On the trailer
truck, small vortices with low velocities are observed over the entire
surface of the trailer.

IV. CONCLUSION

The wake flow of a 1:28 reduced-scale heavy truck model was
investigated at Re ¼ 8:5� 104 using numerical simulations supported
by PIV measurements in a wind tunnel configuration. Simulations
were based on resolving the Navier–Stokes equations in a URANS-
based approach with two closure turbulence models, namely the SST
k� x and BSL-RSMmodels.

The wake flow is characterized by the existence of different vortex
structures:

• A core vortex arising from the under-trailer (A vortex) is
attached to the back wall of the truck. This latter’s height is found
to be, respectively, 0.65 and 0.75 the height of the truck’s trailer,
for the BSL-RSM model and the PIV results, while for the k–x
SST, it is less than the half.

• A notable shear layer region developing from the upper corner of
the trailer appears in the top of the recirculation region. The
analysis of the instantaneous streamlines obtained by PIV mea-
surements has highlighted the occurrence of vortex shedding in
the upper recirculation region.

• A saddle point has been observed, lying in a region of zero veloc-
ity magnitude and demarcating the end of the recirculation
region. This region extent is over 1:85H in the simulations,
against 1:28H in the experiments.

The application of both vorticity magnitude and Q-invariant
maximal values-based methods of vortex structures identification have
highlighted that:

• Visualization of streamlines does not appear to be a reliable vor-
tex identification technique, as streamlines obtained numerically
revealed the occurrence of a second vortex located near the upper
shear layer (B vortex).

• Q-criterion contours yield a better representation of vortex struc-
tures locations than vorticity magnitude, as zones of high shear
layer appear with high values of vorticity magnitude while they
are filtered by the Q-invariant.

The confrontation of the two URANS models compared with
experiments, regarding time-averaged streamwise velocity and
Reynolds stresses profiles, streamlines, contours of vorticity, and of Q-
criterion, revealed that:

• URANS approach leads to a reasonable representation of the wake
flow observed in the experimental measurements using PIV, as
coherent structures are identified by the Q-criterion for both numeri-
cal models.

• Overall, the BSL-RSM shows a better prediction of experimental
results. Regarding streamwise velocity profiles, the NRMSE val-
ues are, respectively, less than 6% for the BSL-RSM, against 13%
for the SST k� x, for x=H < 1:25.

However, RANS models have shown some limitations especially:

• The recirculation region extent is overestimated by �40% by
numerical simulations, compared to experiments.

• Both URANSmodels fail to give correct values of streamwise and span-
wise Reynolds stress components. The global NRMSE on Reynolds
stress profiles, between simulations and experiments, exceeds 20%.

The wake flow of a realistic heavy truck is thus complex with
eddy structures of different scales and dynamics that may influence

FIG. 18. Isocontour of Q-criterion colored
by normalized velocity magnitude around
the heavy truck, obtained with the BSL-
RSM, revealing the coherent structures
prevalent in the mean flow. The most
noticeable eddy structures are located in
the under-body and in the wake of the
heavy truck.
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highly the dispersion of pollutants. The next step will consist in model-
ing the dynamics of the pollutants originating from the exhaust pipes
in order to understand and develop new strategies to improve the air
quality related to road traffic. To complete the experimental part of
this study, further measurements using a higher sampling frequency,
using, for example, time resolved-PIV, would be required to identify
properly the unsteady characteristics of the flow, especially the vortex
shedding occurring in the upper recirculation region, evidenced in the
literature. This phenomenon could strongly affect the emergence of
the B vortex revealed by CFD simulations.
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