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ARTICLE INFO ABSTRACT

Keywords: The transport and dilution of pollutants at street level are dominated by the combined effects of the turbulent
Large-eddy simulation (LES) background flow and turbulence induced by the motion of vehicular traffic. A thorough understanding of these
Vehicle-induced turbulence (VIT) effects is crucial for the ability to predict the spatial distribution of pollutants correctly. In this study, a new,

Urban street canyon
Pollutant dispersion
Wind-tunnel experiment

simple method for modeling vehicle-induced turbulence (VIT) in large-eddy simulations (LESs) of urban street
canyon flows is described. The method is validated by comparing results to wind tunnel data of (1) flow
around a resting car-shaped body and (2) a street-canyon setup with driving vehicles represented by moving
obstacles. The LESs indicate that the main features of the wake flow, including velocity deficit and recirculation
length, of a resting car-shaped vehicle is reproduced with good agreement to the experimental data, and shows
convergence at a grid spacing of 4 = 0.05 m. In the street-canyon configuration, the simulations capture
the primary vortex structure, roof-level separation and associated shear-layer structure, and the associated
pollutant dispersion patterns. Moving traffic leads to enhanced vertical exchange and a reduction of in-
canyon pollutant concentrations, which is consistently reproduced by the model. A systematic overprediction
of streamwise velocity and pollutant removal is observed, suggesting sensitivity to the representation of roof-
level momentum exchange. The additional computational cost introduced by the method remains limited
(approximately 1%-8%). Overall, these results indicate that the new method provides a simple tool for
investigating the influence of moving traffic on urban flow and pollutant dispersion in LES models.

1. Introduction 2007). Nevertheless, the impact of vehicle-induced effects (VIE) on the
flow and pollutant dispersion has been investigated only in a limited

Traffic emissions are a main contributor to air pollution in urban number of studies. Early field measurements by DePaul and Sheih
areas. With the worldwide increase in population as well as the traffic (1986) indicated that traffic-generated turbulence can significantly
volume in urban environments, the environmental and health impacts modify the vertical structure of the flow, influencing it up to heights
of air pollution are of growing concern. Of particular interest is the of approximately 7 m. In a subsequent study by Qin and Kot (1993) an

state of pollution in the urban canopy layer (UCL). Street canyons
represent the most basic element in the UCL and have been studied
for decades (Oke, 1988; Kastner-Klein and Plate, 1999; Baik and Kim,
1999; Chang and Meroney, 2003; So et al., 2005; Eliasson et al., 2006,
among others). They are characterized by high traffic volumes and
relatively poor ventilation (Solazzo et al., 2008). These characteristics
favor the trapping of exhaust fumes near the surface, especially when
coupled to the effects of the building arrangement (Kastner-Klein et al.,
2001). Under these conditions, the turbulence generated by the motion
of traffic plays a major role in the dilution of pollutants and is therefore
critical for urban air quality (Di Sabatino et al., 2003; Solazzo et al.,

influence extending up to 12 m above the road surface was reported.
Wind tunnel experiments by Kastner-Klein et al. (2001) showed that
VIT enhances vertical mixing and reduces pollutant concentrations at
street level. This finding was confirmed by further wind tunnel stud-
ies (Baker and Hargreaves, 2001; Gromke and Ruck, 2007; Carpentieri
et al., 2012), with reported reductions in near-ground concentrations
of up to 23% (Ahmad et al., 2002), and by incorporating VIT into
Computational Fluid Dynamics (CFD) models.

Existing approaches to represent VIE can be broadly classified ac-
cording to the representation of vehicles and the underlying turbulence
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modeling framework. In the most simplified class, traffic is treated
as a continuous forcing, either through boundary-condition-based for-
mulations such as moving wall models (Kim et al., 2016) or through
distributed source-term approaches, often referred to as quasi-steady
methods, in which momentum and turbulence production are parame-
terized within the flow field (Jicha et al., 2000, 2002; Sahlodin et al.,
2007; Pospisil and Jicha, 2017, 2019). In these approaches, VIT is
represented in an averaged sense without explicitly resolving individual
wake structure. A second class represents individual vehicles as moving
source regions within the domain, for example by introducing localized
turbulence or momentum sources associated with each vehicle (Solazzo
et al., 2008; Jin et al., 2017). While these approaches account for
the spatial and temporal distribution of traffic, they do not explicitly
resolve vehicle geometry and therefore cannot reproduce blockage
effects or the formation of coherent wake structures.

Higher-fidelity methods explicitly represent vehicles as solid bod-
ies interacting with the flow. These include moving-mesh techniques
within RANS frameworks (Li et al.,, 2017; Wang et al., 2019; Cai
et al.,, 2020) as well as geometry-resolving approaches in LES, such
as Eulerian-Lagrangian coupling, multi-fluid formulations, or dynamic
overset mesh techniques (Zhang et al., 2017; Woodward et al., 2019;
Zhang et al., 2024). While moving-mesh RANS approaches allow for
an explicit representation of vehicle motion and mean wake structures,
turbulent transport remains fully parameterized, and the associated
unsteady wake dynamics are only represented in an averaged sense.
As a result, intermittent turbulence production and its interaction with
the canyon-scale flow are not resolved.

In urban street canyons, pollutant dispersion results from the in-
teraction between mean-flow structures, such as canyon recirculation,
and turbulent mixing processes associated with shear layers and roof-
level exchange. As introduced above, RANS models solve equations
for time-averaged flow quantities, in which the entire turbulence spec-
trum is parameterized. Consequently, transient and localized processes
associated with vehicle-induced turbulence, are not resolved but in-
stead represented through averaged turbulent fluxes. Consistent with
this, Blocken et al. (2008) reported a systematic underestimation of
lateral plume spread across a range of commonly used RANS turbulence
models, highlighting deficiencies in capturing turbulent mixing and
cross-stream transport. This limitation is particularly relevant for street
canyon flows, where non-local mixing processes and counter-gradient
transport have been reported (Rossi et al., 2010; van Hooff et al., 2014),
indicating that turbulent scalar fluxes are not always aligned with local
concentration gradients.

In addition, the time-averaging inherent to RANS modeling leads to
a strong smoothing of vehicle-induced perturbations. As RANS models
rely on temporal averaging over timescales that are much larger than
the characteristic turbulence timescales, a moving vehicle is effectively
treated as stationary within a RANS averaging interval, i.e., without
a physically meaningful relative velocity with respect to the airflow.
As a consequence, VIE, which depend on transient wake dynamics and
relative motion, cannot be explicitly resolved within this framework.
For a street canyon of height H = 18 m and an approaching wind
speed of u,,; = 7 m s71, a characteristic turnover time of the canyon-
scale circulation can be estimated as H /u.yy,, ~ 3.8 s, assuming
Ucanyon = 2/3-uer (Oke, 1988). To obtain statistically converged mean
quantities, the averaging interval in RANS simulations must be long
compared to this timescale. Assuming an averaging interval of 10 s
and a vehicle traveling with u,,, = 11.11 m s~1, the vehicle travels
more than 100 m during this period. As a result, vehicle-induced wake
structures and short-lived turbulence production events are averaged
over distances several times larger than the canyon height and are
therefore strongly smoothed in the mean flow field.

In contrast, LES resolves the dominant, energy-containing turbulent
structures explicitly and models only the smaller subgrid-scale motions.
This allows the unsteady wake dynamics, intermittent turbulence pro-
duction, and localized momentum exchange associated with moving
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vehicles to be captured directly, which is essential for a physically
consistent representation of VIT in street canyons.

The first study to investigate VIT by means of LES was performed
by Zhang et al. (2017). They followed the Eulerian-Lagrangian ap-
proach described by Katolicky and Jicha (2005). This method considers
moving cars as solid moving Lagrangian “particles” and reproduce the
air flow in an Eulerian framework. For each control volume occupied
by the vehicle, a drag force is calculated and added as an additional
source term to the governing equations. Only grid volumes that are
totally occupied by the vehicle are considered. This is, to some extent,
problematic because it renders the object effectively permeable to the
flow, which may lead to an underrepresentation of blockage effects and
wake-induced flow separation. A different approach was adopted by
Zheng and Yang (2021, 2022), who applied a quasi-steady formulation
within an LES framework. In this method, VIT is introduced as a
temporally averaged source term based on the formulation of Katolicky
and Jicha (2005), such that transient wake structures are not explicitly
resolved.

Woodward et al. (2019) employed a multi-fluid method, wherein
vehicles are represented as a secondary fluid that displaces the air as
they traverse the domain. This approach has been validated against
wind tunnel data and can reproduce vehicle-induced flow and disper-
sion in detail. However, it requires per-vehicle position, speed, and
acceleration at each time step, typically obtained from coupled traffic
micro-simulations, which adds complexity in setup and data handling.

More recently, Zhang et al. (2024) applied a dynamic overset mesh
technique, in which the vehicle geometry is explicitly resolved on a
moving grid that overlaps with the background mesh. This approach
allows for a detailed representation of vehicle shape and wake dy-
namics, including flow separation and near-field turbulence structures.
However, the method is computationally demanding and requires com-
plex grid generation and interpolation procedures, which may limit its
applicability for large-scale or long-duration simulations.

Despite these advances, existing approaches either rely on strong pa-
rameterizations of VIT or require computationally expensive, geometry-
resolving techniques with additional modeling complexity. Methods
based on moving or overset meshes, for instance, involve dynamic
grid updates and interpolation between overlapping meshes, which
complicates their implementation and increases computational over-
head, particularly for simulations with many vehicles or large domains.
Similarly, multi-fluid approaches require the transport of additional
fields and detailed vehicle trajectory data, often obtained from coupled
traffic micro-simulations.

In contrast, the computational cost of LES primarily arises from
the need to resolve the relevant turbulent scales, rather than from
the vehicle representation itself. This highlights the need for modeling
strategies that are compatible with efficient, Cartesian-grid-based LES
frameworks and that avoid additional numerical complexity while still
capturing the essential physics of VIT.

To provide a simpler and more lightweight alternative compatible
with Cartesian grids, we developed a new method to account for VIE
in the LES model PALM (Maronga et al., 2015, 2020). The method is
capable of representing the explicit shapes of vehicles, but can also
be applied to more idealized geometries, such as plates or cuboids,
as commonly used in wind tunnel experiments. Validation of the new
method is based on two different wind tunnel data sets. In the first
setup, a model of a Vauxhall AstraVan was placed in a wind tunnel
with zero traveling speed and exposed to a uniform approach flow as
described by Carpentieri et al. (2012). This setup allows for a compar-
ison of the wind tunnel data with LES using Cartesian topography for
representation of the car as an obstacle as well as the representation of
cars with the new method. In the second wind tunnel setup, moving ob-
stacles representing driving vehicles were placed in an idealized street
canyon (see Gromke and Ruck, 2007, 2009). In this configuration,
the shape of a vehicle and the traffic flow are reduced to a series of
plates moving through an idealized street canyon. Together, these two
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experiments provide a suitable framework for validating the proposed
vehicle representation method.

This paper is structured as follows: in Section 2, the LES model and
the formulation of the new method are described, and the experimental
and numerical setups are introduced. In Section 3, the results of the
validation studies are presented and discussed. Finally, conclusions and
an outlook for future work are given in Section 4.

2. Methodology
2.1. Large eddy simulation model

Simulations were conducted using the PALM model system at tagged
versions validation_study_1 and validation_study 2.! PALM solves the
non-hydrostatic, filtered, incompressible Navier-Stokes equations for
momentum and scalar quantities on a staggered Cartesian grid in
Boussinesq-approximated form. It has been widely used to study var-
ious aspects of the urban boundary layer (e.g. Letzel et al., 2012;
Gronemeier et al., 2017; Resler et al., 2017; Gronemeier and Siihring,
2019; Kurppa et al., 2020). Discretization in time was achieved by
a third-order Runge-Kutta time-stepping scheme (Williamson, 1980)
and discretization in space was achieved by the default fifth-order
advection scheme in PALM (Wicker and Skamarock, 2002). For the 5th-
order advection scheme, the numerical stencil at grid points adjacent
to obstacles would require information from within the obstacle. To
prevent this, the order of the advection scheme is locally reduced at
grid volumes adjacent to obstacles. It is lowered from fifth to third
order at the second grid point adjacent to an obstacle, and further
reduced from third to first order at grid points directly adjacent to the
obstacle surface. We used the 1.5-order turbulence sub-grid scale (SGS)
model of Deardoff (1980) in the formulation of Moeng and Wyngaard
(1988) and Saiki et al. (2000), which implies an additional equation for
the subgrid-scale turbulence kinetic energy. A full overview of PALM
is given by Maronga et al. (2015, 2020). The study applies several
modules and features embedded in the PALM model system, namely
Cartesian topography, self-nesting, and turbulent inflow.

Cartesian topography allows the representation of three-dimensional
topologies using the mask method (Briscolini and Santangelo, 1989)
with a simplification from Kanda et al. (2004). The mask method uses
3D flag data to mask obstacles and their faces. This allows the code
to differentiate between the grid points within, and directly adjacent
to, the topography and surrounding atmosphere. With this distinction,
additional surface-bounded code (i.e. assumption of a constant-flux
layer) is only executed in grid volumes directly adjacent to walls.

Self-nesting allows a domain with a finer resolution to be defined
within a larger domain (so-called parent domain). In this study, only
one-way nesting is applied, where the finer resolution subdomain (so-
called child domain) receives its boundary condition from the coarser
resolution parent domain at every time step. For details, see Hellsten
et al. (2021).

The turbulent inflow method creates a direct forcing by imposing
time-dependent 2D data at a chosen inflow boundary. The boundary
data of the prognostic quantities of the velocity components u, v, w
and the subgrid-scale turbulent kinetic energy e are generated by a
precursor run and processed to a dynamic input file, which is then read
by the main run. For details, see Maronga et al. (2020).

! The corresponding full commit hashes are 5f9adca36665325c1f9ed
5ff7¢b523a5f9f54dbd and ff83dc6ab992aeddef7dbc56600174e18cbaca03, re-
spectively.
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2.2. Imposed velocity method for representing moving vehicles

The new method implemented in this study (hereafter referred to as
Imposed Velocity Method, IVM) prescribes a fixed velocity to the grid
volumes representing a moving obstacle (e.g. a vehicle). The imposed
velocity corresponds to the prescribed driving speed and direction of
the vehicle. In contrast to moving-mesh approaches, the computational
grid remains fixed and is not deformed or moved. The vehicle motion
is controlled by a marker that tracks the vehicle position in continuous
space. At each time step, the marker position is updated according
to the prescribed vehicle velocity by adding the product of vehicle
speed and time step. The marker is not advected by the resolved flow
field, but instead follows the imposed trajectory of the vehicle. Unlike
moving-mesh methods, the mesh itself does not follow the vehicle
motion. After each update, the three-dimensional mask describing the
vehicle geometry is reconstructed within the Eulerian grid. The vehicle
geometry itself is defined through a three-dimensional array specifying
the occupied grid volumes. The method is compatible with arbitrary
terrain representations on the Cartesian grid. The main limitation is
that vehicles must move along the grid axes; diagonal motion rela-
tive to the grid is currently not supported. The dynamical coupling
between the vehicle and the flow field is realized by modifying the
momentum tendencies inside the object volumes. Within the occupied
grid cells, the velocity tendency is adjusted such that the flow field
relaxes towards the prescribed velocity during time integration. Since
the subsequent pressure correction does not strictly preserve the im-
posed velocity inside the obstacle, the prescribed velocity is re-imposed
in the occupied grid volumes after the integration step. A schematic
overview of the integration procedure is provided in Fig. 1. Since no
explicit solid surfaces are represented, surface friction is not considered
and no corresponding boundary condition is applied, which again
differs from existing moving-mesh approaches. Compared to modifying
PALM’s Cartesian topography scheme, this approach avoids intrusive
changes to the core code structure and remains consistent with the
Cartesian grid framework. However, the IVM is different from the
treatment of solid obstacles in two aspects. First, surface friction is
neglected (no constant flux layer is assumed between air and vehicle).
This assumption is based on the fact that for bluff bodies such as road
vehicles, aerodynamic drag is dominated by pressure (form) drag, while
viscous contributions are comparatively small (Marklund, 2013; White,
2009) (see Section 2.3.1). Second, by imposing the driving speed of the
vehicle on the grid volumes, the movement of the vehicle explicitly
enters the advection scheme. This is reasonable and more realistic
than, e.g., using a constant flux layer, which inherently assumes a zero
velocity of the vehicle’s surface. The IVM does not require explicit
modifications of the SGS model. Instead, the imposed vehicle velocities
generate resolved velocity gradients that naturally produce turbulence
through the LES dynamics, while the SGS model responds to the
resulting strain rates in the same way as for other forcing mechanisms.

2.3. Wind tunnel experiments

2.3.1. Resting vehicle with approaching flow

The experiments involving a car model at rest within a uniform
approaching flow were carried out at the EnFlo boundary layer wind
tunnel, University of Surrey, UK. It is an open circuit, ‘suck-down’ wind
tunnel with a 20 m x 3.5 m x 1.5 m working section. Reference flow
conditions were measured by an ultrasonic anemometer held at a fixed
location. Two different geometrical scales for the Vauxhall AstraVan
were used (1:5 and 1:20) so that different portions of the wakes could
be measured (near and far wakes).

The models were installed approximately 11 m from the inlet of
the wind tunnel on a raised false floor in order to position the model
above where the boundary layer develops on the wind tunnel floor (see
Fig. 2). The dimensions of the false floor were 4150 mm X 90 mm
(L x W), with a thickness of 20 mm, placed at a height of 220 mm from
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‘ Required process ‘

Generate geometry from p3d:
« markers position (x,y,z)

« length, width, height

« objects speed (x,y,z)

Initialization

sub-process

Read geometry from file:

« markers position (X,y,z)

« relative distances to marker (vector x, y, z)
« objects speed (x,y,z)

Pre-Timestep Object Update

« Update object position (periodic
wrapping)
“| » Recompute 3D object mask

« Exchange ghost points

« Set momentum tendency in object

Object-Induced Momentum Tendency
(u, v, w components)

volumes
"| « Relax velocity towards prescribed

object speed

Time Integration
(Progn. Equations + Pressure Solver)

Velocity Re-Enforcement

» Re-impose prescribed velocity after
pressure correction

Fig. 1. Flowchart of the numerical time-stepping scheme highlighting the treatment of moving internal objects, including position update, mask reconstruction,
object-induced momentum tendencies, and velocity restoration after pressure correction.

1

FLOW

Wy

Fig. 2. Schematic representation (not in scale) of the experimental setup in the wind tunnel.

the wind tunnel floor. For reference, the 1:5 model dimensions were
approximately: 860 mm x 380 mm x 300 mm, implying a blockage
factor of about 2.1%.

A Dantec two-component laser Doppler anemometer (LDA) was
used to measure velocity and turbulence fields in the wake of the mod-
els at different locations in the wakes of the cars. Tracer concentration
measurements using propane gas as tracer and a fast flame ionization
detector (FFID) were also conducted but not used in this study. More

details about the experiments were described by Carpentieri et al.
(2012).

2.3.2. Wind tunnel experiments of street canyon with traffic-induced effects
on flow and dispersion

Measurements including the effect of moving traffic on flow and
pollutant dispersion in a street canyon were performed in an atmo-
spheric boundary layer wind tunnel at the Laboratory of Building and
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Fig. 3. Model street canyon with traffic belts and close-up of T-shaped plates.

Environmental Aerodynamics at the Karlsruhe Institute of Technology
(KIT). The wind tunnel has a cross-section of 2 m by 1 m (width by
height) with a test section length of 2 m preceded by a 6 m long flow
conditioning section (fetch). Flow conditioning is achieved by means
of flow straighteners followed by Irwin-type vortex generators, and
a horizontally ground-mounted tripping device. In the fetch and test
section, an adjustable ceiling allows to create a flow with zero pressure
gradient in streamwise direction. At the location of the test section, an
approaching flow is generated which mimics an atmospheric boundary
layer whose vertical profiles of the mean streamwise velocity U(z) and
streamwise turbulence intensity Ij;(z) follow power-law formulations
according to

U@ _ (L) . '6))

Uref Zref
and

Iy@ _ <L > o @
I U ref Zref

with z the height above ground, the reference quantities z,.; = 0.1 m,
Uyt = 439 m s71, and Iy, = 22.4% and the profile exponents
ay = 0.30 and ay, = —0.36. Based on the profile exponents, the ap-
proach flow in the wind tunnel can be considered to be representative
of an atmospheric boundary layer typical for urban environments (DIN
EN 1991-1-4, 2010; DIN EN 1991-1-4/NA, 2010; VDI 3783-12, 2000).
Further information on the characteristics of the simulated atmospheric
boundary-layer development (homogeneity) in the streamwise and lat-
eral direction, turbulence intensity Iy (z) and Iy (z), integral length
scale L,,(z), and the spectral distribution of turbulence kinetic energy
S,.(z, f) - can be found in Gromke and Ruck (2005) and in the CODASC
database (CODASC, 2008).

A reduced-scale model (M = 1:150) of a generic street canyon
was subjected to perpendicular approach flow in the wind tunnel
experiments. The model consisted of two parallel aligned blocks rep-
resenting rows of houses replicating a full-scale street canyon of street
length Ly = 180 m and width Wy = 18 m bordered by buildings of
height Hz; = 18 m and width W = 18 m, giving aspect ratios of
Lg/Wg =10 and Hy/Wy = 1, see Fig. 3. To simulate the release of traf-
fic emissions, four parallel line sources of full-scale length L, = 213 m
emitting a tracer gas were installed flush-mounted with the street top
according to the principle described in Meroney et al. (1996). The
line sources were deliberately chosen to be longer than the street
canyon in order to account for traffic emissions released at the sidewise
crossings (Gromke and Ruck, 2012). Sampling taps, a total of 98, for
concentration measurements were located at the building walls facing
the street canyon and realized by cylindrical tubes of outer diameter
2 mm which protrude 5 mm (x/H = 0.042) from the wall.

The implication of the motion of vehicles on flow and dispersion
within the street canyon was accounted for by plate-shaped bodies
mounted on so-called traffic-belts circulating along the street length
axis. The assembly consisted of two transmission belts on which thin

plates with T-shaped frontal area representing vehicles were affixed
at a spacing of 100 mm (see Fig. 3). The transmission belts were
embedded in the street floor with only the plates looking out and were
separately driven by two electric motors in counter-rotating directions
to simulate two-way traffic. It is noted that the traffic belts with the
plates were always in place in the model street canyon and were at
rest when the effects of moving traffic were not to be considered.
The similarity criterion for modeling the effects of moving traffic on
flow and dispersion goes back to Plate (1982) and is manifested in the
turbulence production ratio TP. The underlying fundamental notion
is that the ratio of turbulence production by traffic movement (Pp) to
turbulence production by the interaction of the approach flow with the
urban canopy (P;) shall be equal in full-scale (fs) and reduced-scale
(rs), i.e.

TP, = TPy (5) i = o1 3)

PUf s PUrs

The turbulence production by traffic movement (P;) within a street
canyon of width Wy and height Hy per unit street length can be
estimated as
3
TNPCd uy Fr ny @
Ws Hy
with p the density of air, ¢, the drag coefficient of vehicles (thin plates),
up the traffic velocity, F; the frontal area of vehicles, and ny the
traffic density (vehicles/length). An inherent assumption here is that
the complete motion of air induced by traffic movement is transferred
to turbulence on a time scale shorter than its residence time in the street
canyon. The turbulence production by the interaction of the approach
flow with the urban canopy (P;) can be estimated as
¢ U?

Pu=P"i%NpI:!B§ ©
with u, the friction velocity, ¢; the friction coefficient of the urban
canopy (¢, = (Z—*)z), and U, the freestream velocity at boundary layer
top. Wind tunnel investigations on the validation and suitability of
the traffic modeling concept realized by the traffic belts are described
in Kastner-Klein and Plate (1999) and Kastner-Klein et al. (2001). In
the present study, a scenario involving oncoming traffic at a speed
of 40 km h™! and a vehicle density of 6.7 vehicles per 100 m was
simulated.

For the dispersion studies, sulphur hexafluoride (S Fy) was used as
tracer gas and emitted from the four line sources in the street canyon as
described earlier. The air sucked in at the sampling taps at the building
walls was analyzed by electron capture detection (ECD), detector type
Meltron LH 108, and time-mean concentrations were determined. Ve-
locity measurements at the street canyon top and in front and above the
windward building were performed with 2-component laser Doppler
velocimetry (LDV) with a commercial system from TSI Incorporated.
The LDV data was analyzed for time-mean velocity components.



G. Motisi et al.

Table 1
Overview of the grid spacings and resulting dimensions used in the sensitivity
study.

Case Grid spacing Domain size Vehicle size
(dx=dy=dz) (nx - ny - nz) (nx - ny - nz)
GS1.5 1.5 m 70 x 12 x 14 3x1x1
GS0.75 0.75 m 140 x 24 x 28 6x3x2
GS0.5 0.5 m 210 x 36 x 42 9x4x3
GS0.25 0.25 m 420 x 72 x 84 17 x 8 x 6
GS0.1 0.1 m 1050 x 180 x 210 43 x 19 x 15
GS0.05 0.05 m 2100 x 360 x 420 86 x 38 x 30
GS0.025 0.025 m 4200 x 720 x 840 172 x 76 x 60

2.4. Case description

In both studies, the respective wind tunnel setup was reproduced as
accurately as possible. However, this was not possible in all aspects.
Both studies were scaled up to reality scale, as already successfully
done in other studies (Gronemeier et al.,, 2021; Zheng and Yang,
2022). Furthermore, cyclic boundary conditions were used in lateral
direction, i.e. the domain repeats infinitely in the north-south direction.
In the mean flow direction (x-direction), however, non-cyclic boundary
conditions were used because using a cyclic condition would have re-
quired an extended model domain to allow wake structures to dissipate
before re-entering the model domain. At the top, a free-slip boundary
condition was applied. Temporal discretization errors are controlled
by enforcing a Courant-Friedrichs-Lewy (CFL) number below 0.9, as
required by the time-integration scheme of PALM, ensuring numerical
stability and a time step that is sufficiently small relative to the resolved
turbulent time scales.

2.4.1. Validation study of the IVM for the resting vehicle with approaching
flow

In the wind tunnel experiments of Carpentieri et al. (2012) two
different model scales were used to investigate both the near wake (1:5
scale) and far wake (1:20 scale) characteristics. The focus of this study
was on the near wake, so only the former was used. Scaling to full-scale
resulted in a domain size of 100 m by 17.5 m horizontally and 7.5 m
vertically. The vehicle size was 4.3 m by 1.9 m horizontally and 1.5 m
vertically. To assess the ability of PALM to represent the wake flow of
a vehicle with a typical car shape on the Cartesian grid, we performed
a sensitivity study in which the grid was successively refined. This
allowed us to represent the shape of the car at higher accuracy when de-
creasing the grid spacing. The sensitivity study started from the coarsest
realizable spatial resolution of 4 := Ax = Ay = Az = 1.5 m (vehicle
height) to an extreme high resolution of 4 = 0.025 m (see also Table
1). Due to numerical reasons and internal restrictions the dimensions
of the domain were adjusted for the sensitivity study. The adjustments
resulted in a domain size of 108 m x 18 m x 22 m (length x width x
height). The Vauxhall AstraVan was positioned as closely as possible to
the inflow boundary of the model, because it was technically not pos-
sible to use a raised floor. This position minimized the surface friction
influence on the approaching flow. The largest grid spacing, in this case
1.5 m, was selected uniformly as the distance between the inflow and
the vehicle for all grid spacings. A roughness length of z, = 10~ m
was assumed in order to minimize the effects of surface friction.

The simulation was driven by a horizontal wind speed of 12.5 m s,
constant with height. In addition, a mass flux correction was applied at
the end of each time step to guarantee the conservation of the volume
flow. We considered a strictly neutral stratification and neglected the
Coriolis force. A constant flux layer was assumed as the surface bound-
ary condition between the bottom and the first computational grid
level. At the outflow boundary, the radiation boundary condition was
used, which solves the Sommerfeld radiation equation for the velocity
components. For scalar quantities, however, a Neumann boundary
condition was used.
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The total simulation time was 475 s of which the final 400 s were
used for data analysis. The first 75 s were omitted from data analysis
due to model spin-up effects.

2.4.2. Validation study of the IVM for the moving vehicles in a street canyon
under perpendicular flow conditions

For the wind tunnel experiments of Gromke and Ruck (2007), we
used a two-domain setup with one-way nesting as described in Section 2
and as shown in Fig. 4, which resulted in a domain size of 290 m
by 180 m horizontally and 98 m vertically for the parent domain
and 108 m by 180 m horizontally and 50 m vertically for the child
domain. The one-way nesting approach was chosen because previous
studies have shown that VIT mainly enhances local mixing rather than
significantly altering the mean canyon-scale flow (Kastner-Klein et al.,
2001; Gromke and Ruck, 2007), which confines it mainly to the street-
canyon layer. Consequently, no feedback from the child domain to the
parent domain is expected. To assess the influence of grid resolution,
we tested three nested domain setups with increasing resolution levels:
low (parent 1 m/child 0.5 m), medium (parent 0.5 m/child 0.1 m),
and high (parent 0.25 m/child 0.05 m). The nesting approach and
overall configuration remained consistent across all resolution levels.
The street canyon was represented in both domains, having a height
of 18 m, an aspect ratio of 1 and extending over the entire length in
the y-direction. Therewith, spatial averaging along the street canyon
was possible, which reduced the required simulation time considerably
compared to a local time-averaging method as done in the wind tunnel
experiments. As a consequence, however, the corner eddies were not
represented in PALM (cf. Fig. 3). Analogous to the wind tunnel exper-
iment, the traffic was represented by plates, each plate representing
an individual vehicle. For simplicity, the plates were rectangular in
shape instead of T-shaped, with respective dimensions of 1.15 m by
0.45 m horizontally and 1.0 m vertically. These dimensions resulted in
the same frontal area as the plates used in the wind tunnel experiment.
According to the turbulence production similarity criterion described in
Section 2.3.2, this simplification does not alter the VIT, provided that
the frontal area and drag coefficient are matched to the T-shaped plates
used in the wind-tunnel experiments (Plate, 1982; Kastner-Klein and
Plate, 1999; Kastner-Klein et al., 2001). The plates were arranged in a
two-way traffic scenario with 12 plates per lane and a distance of 15 m
between each other. Along each of the four line sources, a surface flux
of 1 kg m™2 s~1 was defined at every grid point. Two traffic scenarios
were conducted - a standing traffic case (i.e., vehicles are modeled but
do not move) and a two-way traffic case with a speed of 40 km h~1. The
small grid spacings and the resulting small time steps of At = 0.003 s
for the standing and 4r = 0.001 s for the moving case led to extremely
high computational demands (29 days on 4770 cores). Because further
simulations would go beyond the scope of this study, only two traffic
scenarios were carried out.

The simulation was initialized via the so-called cyclic-fill method,
i.e., the domain was filled repeatedly with 3D data from a (cyclic)
precursor simulation and driven by turbulent inflow (Maronga et al.,
2015). The setup of the precursor simulation was reduced to 140 m by
180 m horizontally, with the respective grid spacing used for the parent
domain in the main run. For initialization of the precursor simulation,
we used the approaching wind profile of the wind tunnel experiments
with a velocity of 7.02 m s~1 at the top of the boundary layer, see
Eq. (1). Following Basu and Lacser (2017), a roughness length of at
least z, = L . min(4z) is recommended so that the first grid level is
within the inertial sublayer. Due to the staggered grid, the first grid
point above the surface is shifted by half the grid width and thus located
at z(1) = 0.5- Az. Our first grid point in the parent domain of the highest
resolution case is positioned at z(1) = 0.5 - 0.25 = 0.125 m, in the child
domain at z(1) = 0.5 - 0.05 = 0.025 m. With the roughness length of
zy = 0.105 m of the wind tunnel experiments, the recommendation
of Basu and Lacser (2017) could hence not be met. Therefore, we ex-
plicitly resolved the roughness elements, see Fig. 3, using small blocks
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Fig. 4. Schematic of the two-domain LES setup in PALM. The low resolution domain (parent) is shown with a black outline. The nested high resolution domain
(child) is highlighted with a blue dashed line. The windward facing building is labeled with A, while the leeward facing building is labeled with B. A close-up
of a plate representing a vehicle is outlined in orange. The emission sources are highlighted with red dashed lines.

analogous to those used in the wind tunnel experiments. This approach
was applied to all three nested domain setups. For the surface as well as
the roughness elements a roughness length of z, = 5-10~> m was used.
This approach was already successfully conducted in Gronemeier et al.
(2021).

The precursor run needed 4 h to reach steady state. Inflow data of
500 s were produced for the main run, including 100 s for model spin-
up in the main run (flow-through-time) and 400 s for data analysis. The
simulation data was then averaged over the full 400 s.

3. Results

3.1. Validation study of the IVM for the resting vehicle with approaching
flow

The validation presented here focuses on the representation of the
wake of an individual vehicle, which is defined as the region of flow
separation at its rear. This occurs due to a sudden change in pressure
and results in a velocity deficit that extends many vehicle lengths down-
stream. The wake is generally divided in two regions: the near wake
(closest behind the vehicle) and the far wake (farther behind the vehi-
cle). The near wake usually consists of a re-circulation zone with two
counter-rotating vortices and a pair of longitudinal vortices (Ahmed,
1981). The far wake, located downstream the near wake vortices, is
an area with increased turbulence but without characteristic coherent
structures (Richards, 2003). The extent to which these characteristics
were observed in the wind tunnel and in the numerical experiment is
discussed below.

Please note that hereafter the topography — both in the wind tunnel
and as Cartesian topography in PALM - is considered the reference
solution to the problem because it includes the true form and frictional
drag forces. Accordingly, a comparison between the wind tunnel data
and the LES data of the Cartesian topography is discussed, first. This is
followed by a comparison of the wind tunnel data with the IVM.

The measurement points from the wind tunnel experiment are com-
pared in dimensionless form X = x/h, Y = y/h and Z = z/h, where h
is the vehicle height. These points extend from 0.4 < X < 10.47 (where
the rear of the vehicle is at X = 0.0), —1.33 <Y < 1.33 and 0.07 <
Z < 2.0. Velocities, as well as the root mean square (rms) velocities,
have been normalized using the reference wind speed u,.; = 12.5 ms™!.
Fig. 5 shows the vertical profiles of the dimensionless mean wind speed
u/u.; along the vehicle center line for the wind tunnel data (WT) and
the LES data of the Cartesian topography. Analogous to the theory
explained above, the data of the wind tunnel experiments show a
velocity deficit extending over the entire range of the measuring points
for the 1:5 scaled model (Fig. 5a). The counter-rotating vortices in the

recirculation zone vary in strength and extent. The upper clockwise-
rotating flow dominates the zone. The length of the recirculation zone
is usually defined as the length between the vehicle base and the
stagnation point, where the stagnation point is the local minimum of
the local mean veloc1ty —— (Duell and George, 1999). The wind tunnel
stagnation point occurs at X = 1.13. This is visible in Figs. 5a and 6a.
Further downstream of the vehicle, the deficit minimizes continuously
(from 2.13 < X < 7.47), with negligible changes with height at the
furthest measuring point (X = 10.47). The simulation data also show a
velocity deficit in the direction of flow across all selected grid spacings
(see Fig. 5b to h). The counter-rotating vortices in the recirculation
zone are both only reproduced with a grid spacing of 4 < 0.1 m (see
Fig. 5f to h), with the upper one being dominant in strength and extent.
Because the first grid point in vertical direction is at z(1) = 0.5 - Az, the
bottom, counter-clockwise-rotating eddy cannot be explicitly resolved
with a coarser resolution. Also, the length of the recirculation zone
becomes shorter with increasing resolution and is nearly identical for a
grid spacing of 4 = 0.05 m (see Fig. 5g). It is known that the near wake
characteristics are highly geometry dependent (Ahmed, 1981, 1983;
Morel, 1987; Richards, 2003). Ahmed (1983) for example showed that
the recirculation length decreases the larger the rear base slant angle
is. Because PALM uses a Cartesian grid, slanted surfaces are difficult to
represent and appear as a step-function. The vehicles rear base slant
representation is consequently step-like rather than inclined, which
could cause the separation to occur at a different location than in the
wind tunnel experiment. As the rear becomes “smoother” with higher
resolution, the recirculation zone becomes shorter and approaches the
lengths observed in the experimental data.

Furthermore, the LES data show that another vortex forms close to
the ground for grid spacings less than 4 < 0.05 m. This is evidenced by
the oscillation of the profiles near the surface (see Fig. 5¢ and h). Due
to the false floor in the wind tunnel experiments, the relative motion
between the road and the vehicle is not realistically represented, which
results in an build-up of a boundary-layer along the floor (Richards,
2003). The effect is also present in our simulations due to the surface
boundary condition and is more pronounced with smaller grid spacings
(because these cases effects near the floor cannot be resolved with
larger grid spacings). The vortex might thus be a consequence of
the developing boundary-layer. Farther downstream of the vehicle,
however, the velocity deficit of the wind tunnel data is well represented
with a grid spacing of 4 = 0.05 m and 4 = 0.025 m (see Fig. 5g and
h). Because of the longer recirculation zone in simulations with grid
spacings of 4 = 0.25 m and 4 = 0.1 m, the velocity profiles converge
farther downstream. At x/H = 10.47, the profiles show, analogous to
the experimental data, no significant change over height from a grid
spacing of 4 = 0.25 m on.
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Fig. 6 shows the vertical profiles of the dimensionless mean speed
u/u.; along the vehicle center line for the wind tunnel data and the LES
data of the IVM. As the near wake characteristics cannot be properly
reproduced with a grid spacing 4 > 0.1 m (see discussion above), which
is independent of the method used, the results are only shown from
a grid spacing of 4 = 0.1 m and lower. The velocity deficit in the
streamwise direction is also visible using the IVM method (see Fig.
6b to d). Both counter-rotating vortices in the recirculation zone are
reproduced, with the upper vortex exhibiting greater strength and a
larger spatial extent than observed in the wind tunnel data. Although
the lower vortex in proximity to the vehicle becomes more pronounced
as the grid spacing decreases, it is not present away from the vehicle for
all grid spacings. It is likely that the differences at the lower edge of the
vehicle are due to the missing surfaces. The resulting lack of frictional
drag could cause the vortex to separate at a different location (or not
at all). As already noted, a different separation location has a direct
impact on the wake characteristics (as the roughness influences the
production of turbulence). The recirculation zone becomes shorter with
decreasing grid spacing and has approximately the same length as in
the wind tunnel data for a grid spacing of 4 = 0.05 m and 4 = 0.025 m
(see Fig. 6¢ to d). The LES data of the IVM method also show a change
in direction for a grid spacing of 4 = 0.025 m close to the ground (see
Fig. 6d), which is also likely due to the surface boundary condition
(see discussion above). In the IVM method, the velocity deficit extends
beyond the height of the vehicle. The effect is particularly pronounced
with a grid spacing of 4 = 0.1 m and 4 = 0.05 m, whereas it does
not occur at all with a grid spacing of 4 = 0.025 m. In the case of the
first mentioned, a vortex is detached on the vehicle roof, which causes
the flow above the vehicle to lift by the vortex’ vertical extension. As
already mentioned, slanted surfaces are not realized in the present work
what makes the representation of the cars step-like rather than inclined,
where each individual “step” has the dimension of the grid spacing.
Because larger edges cause greater disturbances to the airflow, vortex
detachment occurs at grid spacings 4 = 0.1 m and 4 = 0.05 m, but not
at 4 = 0.025 m. Beyond X = 3.8, the LES profiles—like the wind tunnel
data—show little variation with height.

The results of the sensitivity study showed that a grid spacing
of at least A = 0.05 m is required to reliably reproduce the near
wake pattern. This requirement is not directly related to the overall
vehicle dimensions, but rather to the need to resolve small-scale flow
features in the near wake, such as shear layers, separation regions, and
recirculation zones. These features are characterized by much smaller
length scales and are highly sensitive to the geometric representation
and numerical diffusion, which explains why a comparatively fine grid
resolution is necessary. This also agrees with the findings of Letzel
et al. (2008), whose resolution study of flow around obstacles in PALM
showed that a cube face resolution of 32 grid points is sufficient to
achieve convergence of first- and second-order statistics. However,
there are some differences in the lower half of the wake (compared to
wind tunnel data), which might be related to generally under-resolved
flow near solid walls (both bottom surface and vehicle surfaces) or
due to the geometry-dependency mentioned above. The magnitude of
the streamwise wind component, variance, and wake pattern, however,
are generally well produced (the latter two are not shown here). As a
compromise between accuracy and computational demands we hence
decided to use a grid spacing of 0.05 m for further validation experi-
ments. Consequently, only the simulation data with a grid spacing of
A = 0.05 m are discussed and presented in the following comparison
between the Cartesian topography and the IVM.

Fig. 7 shows the vertical profiles of the dimensionless mean speed
u/u; (left column) and xz—sections of af /urzef (right column) along
the vehicle center line for the Cartesian topography, the IVM and
the wind tunnel data. First of all, a direct comparison of the vertical
profiles of the two methods shows that the differences mainly occur
in the area close to the vehicle and the ground (see Fig. 7a and b,
left). The lower vortex is less pronounced in the case of the IVM
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Table 2
Root Mean Square Error (RMSE) between the LES results with a grid spacing
of Ax = 0.05 m and the wind tunnel data for the normalized streamwise

velocity.
Method Variable Measuring position RMSE
VM /ity x/h = 0.4 0.609
U/t x/h = 1.13 0.711
/g x/h = 2.13 0.459
U/ x/h = 3.8 0.227
/e x/h = 7.47 0.140
U/t x/h = 10.47 0.104
Cartesian U/ x/h = 0.4 0.538
topography U/ x/h = 1.13 0.449
/it x/h = 2.13 0.572
/g x/h = 3.8 0.009
ity x/h = 7.47 0.009
/e x/h = 10.47 0.001

which can be recognized by the lower ratio of u/u,; in contrast to
the LES data of the Cartesian topography (see Fig. 7a and b, left).
Furthermore, the recirculation zone is longer in the case of the IVM,
and is located slightly behind X = 1.13 for the IVM and slightly in
front of X = 1.13 for the Cartesian topography. Further downstream of
the vehicle (from X = 2.13), however, the LES data of both methods
show hardly any differences. The streamwise velocity variance in the
wind tunnel experiment (see Fig. 7c right) reaches relatively high levels
within the recirculation zone, equally peaking at heights corresponding
to both the upper and lower edges of the car. This increase in velocity
variance can be attributed to shear-induced turbulence, generated from
flow separation at the upper and lower edge. These peaks are also
visible in the LES data with the upper peak being more pronounced
(see Fig. 7a and b right). In the case of the IVM, however, the variance
is quantitatively slightly overestimated compared to the Cartesian to-
pography and the wind tunnel data, which indicates that the viscous
friction effect of the method might inherently create too much wind
shear. At low height levels, the velocity variance is underestimated by
the IVM compared to the Cartesian Topography and the wind tunnel
data, which can be attributed to the inability of reproducing the flow
separation properly at the lower edge, as discussed above.

To complement the qualitative analysis of the wake structure, a
quantitative comparison between the LES results and the wind tunnel
measurements is provided using the root mean square error (RMSE).
Table 2 summarizes the RMSE values of the streamwise velocity at
different downstream positions along the vehicle center line. The re-
sults indicate that the agreement between simulations and experiments
improves with increasing downstream distance, consistent with the
gradual recovery of the velocity deficit observed in the wake region. In
particular, both the Cartesian topography and the IVM show reduced
errors for X > 2.13, where the flow becomes less influenced by near-
wake separation effects and more dominated by shear-driven mixing in
the far wake. Table 3 summarizes the mean timestep and CPU time per
grid point and timestep for each simulation. In this configuration, the
additional computational overhead introduced by the IVM is approxi-
mately 1%, based on separate performance measurements (not shown
here). The computational cost of the IVM is comparable to that of the
standard Cartesian topography representation; therefore, only the IVM
results are shown.

We conclude that the IVM approach reliably reproduces the gen-
eral wake structure, including the velocity deficit and shear-induced
turbulence farther downstream of the vehicle. It successfully replicates
the upper recirculation vortex and the associated peak in velocity vari-
ance, which is a key characteristic of wake flows behind bluff bodies.
Furthermore, for regions downstream of approximately X = 2.13, the
IVM shows close agreement with both experimental and high-resolution
LES results using the Cartesian topography approach, supporting its
suitability for modeling realistic urban traffic scenarios. Nonetheless,
two areas for improvement have been identified: (1) the tendency to
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Table 3
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Mean timestep and CPU time per grid point and timestep. The product of the CPU time per grid point and timestep
multiplied by the number of timesteps and the number of grid points in all directions gives the total CPU time.

Case Ax (m) nx-ny-nz At (8) # of CPU time/grid point
time-steps and timestep
GS1.5 1.5 70 x 12 x 14 1.1-107! 4445 1.33799-10°¢
GS0.75 0.75 140 x 24 x 28 5.1-1072 9455 0.44213:107°
GS0.5 0.5 210 x 36 x 42 3.3:102 14 600 0.28067-107°¢
GS0.25 0.25 420 x 72 x 84 1.5-1072 32 540 0.01387-10-°
GS0.1 0.1 1050 x 180 x 210 5.3-1073 88 795 0.00255-107°¢
GS0.05 0.05 2100 x 360 x 420 2.5-1073 193 885 0.00081-107°
GS0.025 0.025 4200 x 720 x 840 1.2.1073 416 595 0.00043-10-°
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Fig. 5. Vertical profiles of the longitudinal mean speed u/u,; along the vehicle center line for the wind tunnel data (a) and the LES data of the Cartesian topography
for the investigated resolutions (b to h). Due to the very low measurement uncertainty in the wind tunnel data (standard error of the mean streamwise velocity
below 0.006 m s~! Carpentieri et al., 2012), error bars are omitted in the profile plots as they are not visually resolvable at the scale of the presented figures
and would not alter the qualitative or quantitative interpretation. For the LES data, no error bars are shown, as the presented profiles correspond to statistically

converged mean quantities.

overestimate velocity variance near the upper edge of the vehicle, likely
due to excess shear generation, and (2) the underrepresentation of flow
features near the lower vehicle edge and ground, possibly resulting
from the absence of frictional surfaces. The latter is likely further
enhanced by the Cartesian-grid framework, in which turbulence within
the first grid levels above the surface is not fully resolved, resulting in
an insufficient representation of the narrow flow region between the
vehicle and the ground. While these limitations should be considered,
they are relatively minor in the context of urban-scale simulations,
where variability in vehicle types, positions, and ambient conditions
will dominate wake characteristics. Therefore, we conclude that the
IVM is well suited to represent typical vehicle wakes in LES models.

3.2. Validation study of the IVM for the moving vehicles in a street canyon
under perpendicular flow conditions

The following evaluation focuses on the flow and dispersion behav-
ior within and above the street canyon, taking into account VIE. In the
case of a perpendicular flow and H/W = 1, as in the present case,
a so-called skimming flow regime develops, resulting in a circulating
vortex in the mean flow within the canyon and a mainly undisturbed
mean free stream flow above the canyon (Oke, 1988).

The measurement points from the wind tunnel experiment are com-
pared again in dimensionless form X = x/H,Y =y/H and Z =z/H,
where H is the building height. The investigated measurement points
extend from —0.5 < X < 0.5 (with X = 0.0 being the street canyons
center), Y = 0 and 1 < Z < 1.167 for the velocity data and an
extended range of 0.08 < Z < 0.83 in front of the canyon walls for the
concentration data. Concentrations have been normalized according to

o = CsimurefPI 6)
0
with ¢, being the simulated concentration [kg m~3], u,.; being the

free-stream velocity [m s~!] at building height H [m], and Q being the
source strength per unit length [kg m~! s~1]. The latter was calculated
as

w's'-44- L,

¥y Ly
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L
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with w's’ being the flux set in PALM [kg m~2 s~1] and L, being the
length of the line sources [m]. In the following, the standing traffic
case of the LES data will first be discussed and compared with the wind
tunnel data. At the same time we focus only on the child domains of the
medium and high resolution setups (4 = 0.1 m and 4 = 0.05 m), as the
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Fig. 6. Vertical profiles of the longitudinal mean speed u/u,. along the vehicle center line for the wind tunnel data (a) and LES data of the IVM for selected
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cases with a lower resolution were found to be insufficiently resolved
to provide meaningful results. Subsequently, the simulation results of
the moving traffic case are analyzed and compared both with the wind
tunnel data and the data of the standing traffic case. It should be noted
that in the wind tunnel experiments, the vertical velocity was measured
only above the street canyon for the moving traffic case, whereas for
the standing traffic case measurements are available both above and
within the street canyon. Therefore, comparisons of in-canyon velocity
fields are restricted to the standing traffic case. In contrast to the first
validation study, the flow around individual vehicles is not of major
concern, only the combined VIE on the pollutant dispersion.

Fig. 8 shows vertical cross sections of the mean vertical velocity
component w above the street canyon, along with vertical profiles of
the dimensionless concentration ¢* within the canyon for the standing
traffic case. Both resolutions successfully reproduce the general flow
behavior observed in the wind tunnel experiment (see Fig. 8a to b, left).
Driven by the mean flow at rooftop, a clockwise-rotating canyon vortex
developed between the two walls of the canyon leading to positive
values of the vertical velocity w in the upwind half of the canyon

10

velocity variance contour plot along the vehicle center line for the Cartesian topography (a right), the IVM (b

(—0.5 < X <0.0) and to negative values of the vertical velocity w in the
downwind half of the canyon (0.0 < X < +0.5). However, one thing is
noticeable when comparing the simulation data with the wind tunnel
data. The measured wind speeds are somewhat overestimated by the
LES data, with the deviation decreasing with increasing resolution. As
the vertical up- and downward flow are part of the same circulation
system, it is reasonable to assume that a larger amount of the hori-
zontal air flow moves into the street canyon, which in turn causes the
vertical flow of the LES data to deviate from the wind tunnel data. The
consequence of this is also reflected in the concentration data (see Fig.
8 right). Concentration profiles show higher values at the upwind wall
compared to the downwind wall. This accumulation at the upwind wall
is caused by the reverse flow close to the street surface, which collects
the traffic emissions and transports them towards the upwind wall. The
vertical concentration gradients are steeper at the upwind wall, while
horizontal gradients dominate near the downwind wall. Both the LES
and experimental data exhibit this pattern, which matches the expected
behavior in a skimming flow regime (Baik and Kim, 1999; Kastner-
Klein and Plate, 1999). Compared to the wind tunnel data, the LES
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results tend to underestimate pollutant concentrations at ground level,
particularly at the upwind wall. This underestimation is consistent
across both resolutions and is more pronounced at finer grid spacings.
The likely cause of this underestimation is the slightly stronger vertical
exchange in the LES, which enhances pollutant removal from the
canyon. This can be attributed to increased vertical velocities driven by
stronger inflow at rooftop level. While absolute concentrations differ,
the spatial distribution and vertical structure of the LES concentration
fields closely resemble those from the wind tunnel.

Fig. 9 shows vertical cross sections of the mean horizontal velocity
u around building A and at roof top. The vertical cross sections of
the mean horizontal velocity of the wind tunnel data (Fig. 9c) show
two characteristic flow phenomena. There is the vortex in front of
building A, which emerges due to the deflection of the flow down the
windward wall and there is the separation vortex at roof level due to the
separation from the sharp edge at the building top. The LES data is able
to capture both phenomena (Fig. 9a and b). The intensity and spatial
extent of these structures differ to some extent. The LES data show more
distinct, compact vortices compared to the wind tunnel data. Addition-
ally, the LES simulations exhibit higher velocities entering the street
canyon compared to the wind tunnel, which influences downstream
flow patterns and pollutant dispersion. This analysis confirms that the
inflow conditions into the canyon are already faster in the LES than
in the wind tunnel. This pre-existing overestimation of horizontal wind
speeds is consistent with the observations from the standing traffic case
and explains why stronger vertical exchange and enhanced pollutant
removal occur inside the street canyon.

Fig. 10 shows vertical cross sections of the mean vertical velocity
component w above the street canyon and vertical profiles of the
dimensionless concentration ¢* within the street canyon for the moving
traffic case. Compared to the standing traffic case, the vertical velocity
fields (see Fig. 10a to c, left) exhibit no significant differences. The
VIE seem to be not strong enough to have an influence on the flow
field at roof top. In both the experimental data and the LES with fine
resolution (see Fig. 10b), the vertical velocities at rooftop level are
slightly reduced compared to the standing traffic case. In contrast, the
coarser LES resolution (see Fig. 10a) shows a minor increase in vertical
velocities. While the flow structure remains largely unchanged, the
dispersion behavior within the canyon differs noticeably. In both the
wind tunnel and LES data, pollutant concentrations are again higher
at the upwind wall than at the downwind wall (see Fig. 10c). The
introduction of moving traffic enhances vertical mixing, especially near
the upwind wall. In the experimental data, this leads to a significant
decrease in concentrations at pedestrian level compared to the standing
traffic case (see Fig. 10c, right). The LES results reproduce this trend,
but the reduction in concentrations at a grid spacing of 4 = 0.1 m
is overly strong compared to the experimental data (see Fig. 10a,
right), while the simulation at 4 = 0.05 m provides a more realistic
representation (see Fig. 10b, right). These differences can be linked to
the variations in rooftop vertical velocities.

To place the present results in a broader modeling context, they are
compared with previous RANS- and LES-based street canyon simula-
tions in the following section. A quantitative comparison with existing
studies is, however, limited by differences in model configuration and
dynamic similarity conditions. While several studies have reproduced
the wind tunnel experiments of Gromke and Ruck (2007, 2009), many
do not preserve the ratio between the approaching wind speed and
the vehicle motion, which is a key parameter governing the resulting
flow regime and pollutant dispersion. Among the available literature,
Zheng and Yang (2021) provide a unique dataset in which both RANS
and LES simulations are performed for a configuration consistent with
the experimental setup, including comparable velocity scaling. For this
reason, the comparison in the following is primarily focused on their
RANS results, while their LES results are used for qualitative context
where appropriate. For the streamwise velocity profiles, the RANS
standard k-¢ (SKE) model of Zheng and Yang (2021) reproduces the
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magnitude of u/u.; at z/H = 1 reasonably well, comparable to their
LES results (Fig. 10 (a—c) in Zheng and Yang, 2021). However, the
vertical gradients are strongly smoothed at higher levels, resulting in
an almost linear profile and a reduced ability to capture the gradients
observed in the experimental data. In contrast, the present LES results
reproduce the mean velocity at z/H = 1 with similar accuracy, while
additionally capturing a more pronounced vertical structure at higher
levels, leading to a non-linear profile. For the vertical velocity compo-
nent, the RANS model underestimates both the magnitude and vertical
variation of w/u,; across all heights. The LES results of Zheng and Yang
(2021) show a slight overprediction at the upwind wall and a minor
underestimation at the downwind wall (Fig. 10 (d-f) in Zheng and
Yang, 2021). In contrast, the present LES results show an overprediction
of w/u.; at both walls, while maintaining the overall vertical structure.
For the dimensionless concentration c*, the RANS model shows an
overestimation at the upwind and downwind walls, with particularly
strong deviations close to the ground. Their LES results show better
agreement with the experimental data, especially at the upwind wall
where the observed profile is well captured (Fig. 12 (d and k) in Zheng
and Yang, 2021). In the present study, concentrations are generally
underestimated at both walls, while the overall vertical structure is
reproduced well, as discussed above. Overall, the comparison indicates
that LES resolves additional flow variability and vertical structure rele-
vant for transport processes, while RANS tends to smooth these features
due to its stronger reliance on turbulence parameterization. However,
these differences must be interpreted in the context of differing model
assumptions and configuration choices. These results underline the
importance of resolving unsteady, energy-containing flow structures
for an improved representation of vertical exchange processes in street
canyon flows.

The deviations in wind speed can be attributed to several uncertain-
ties related to the wind tunnel experiment:

(1) Building roughness: The roughness length of the building sur-
faces in the wind tunnel experiments is not known. In the numerical
model, however, a roughness length of z, = 10~ m was used, corre-
sponding to typical values for residential buildings constructed between
1951 and 2000 (Helbig et al., 1999). While the flow field within and
around the canyon is primarily governed by the building geometry
itself, small differences in surface roughness could still have a minor
effect on the turbulence generation and the mean flow above the street
canyon.

(2) Resolution and plate positioning: In the wind tunnel experiment,
the spatial positioning of the measuring instrumentation can cause that
effects may not be detected or inaccuracies may occur due to interpo-
lation. In addition, the position of the plates representing the vehicles
in the wind tunnel experiment is not known. The measuring location
in the middle of the canyon could thus have been directly adjacent to
a plate or not. If the measuring location in the middle of the canyon
was located directly above a plate, vertical velocities could be damped
as the plate deflects the flow horizontally. If, instead, the measuring
location was positioned above a gap between plates, stronger upward
motions could occur as the flow is forced to rise around the obstacles.
Such localized variations may therefore cause noticeable deviations in
the measured wind speed. In the LES, by contrast, these small-scale
effects are smoothed out by the spatial averaging along the street
canyon.

(3) Corner eddies and domain setup: As mentioned in Section 2.4.2,
the street canyon in our simulation domain is infinite. This set-up
was chosen on purpose because it allows for spatial averaging along
the canyon. Due to the enormous computational costs, it would not
have been feasible to collect time series at just the center of the
street canyon. As a consequence, however, the air entering the domain
can only flow above the canyon but cannot escape to the sides of
the buildings, unlike in the wind tunnel experiments. Due to mass
conservation, this must result in increased wind speeds above the street
canyon. The resulting stronger vertical exchange enhances the pollutant
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Fig. 8. xz—sections of the mean vertical velocity w [m s™!] within and above the street canyon (left) and vertical profiles of the dimensionless concentration c*
at the upwind and the downwind wall (right) for the LES results for standing traffic with 4 = 0.1 m (a), the LES results with 4 = 0.05 m (b) and the wind tunnel
data (c).
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Fig. 9. xz—sections of the mean horizontal velocity u [m s™'] around building A and at roof top for LES results for standing traffic with 4 = 0.1 m (a), the LES
results with 4 =0.05 m (b) and the wind tunnel data (c).
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Table 4
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Mean timestep and CPU time per grid point and timestep. The product of the CPU time per grid point and timestep
multiplied by the number of timesteps and the number of grid points in all directions gives the total CPU time.

Case Ax (m) nx-ny-nz At () # of CPU time/grid point
time-steps and timestep
Standing traffic 0.5 540 x 900 x 250 1.5.1072 31 845 0.00202:107°
Standing traffic 0.1 1080 x 1800 x 500 7.1-1073 68 751 0.00094-10-°
Standing traffic 0.05 2160 x 3600 x 1000 3.2:1073 153 050 0.00088-107°¢
Moving traffic 0.5 540 x 900 x 250 1.0-1072 48 709 0.00264-107°
Moving traffic 0.1 1080 x 1800 x 50 4.2:1073 115 342 0.00096-10-°
Moving traffic 0.05 2160 x 3600 x 1000 1.9-1073 245 916 0.00100-107°
a) LES A =0.1m
- - 1.00
I K ) R
/\ \ H / e - o.7s4|i}
T 1.1 i / r R —
- ) O’y =} < / o ‘\\ — 0.50 : ‘\
N /\ gy o S @ b3 1,6 _ \ N 1 \
(o« % \ \ \ FEES I LR | [ WA
b < i 8 y | I ~o
1.0_‘,) G 2 L F i r ﬂ'. 0.00 T
10 20 30 40 50 60
b) LES A = 0.05 m c* =]
Y T 2 1.00
° !
— 11 % © i 075
: . /\ 0.¢ < / N ~ N; 0.50-
1 < % ‘ Y
/ 2 J S 8 \ 0.25-]
1.6 ] 4 y A0 ™~
1.0 - * 0.00 T T T 1
10203040 5060
c) WT c*[—]
0 T 1.00
\ ! Up-
\ 1 d5L — wind
Tl.1e 0.5 “\ ,” /\\ - 0.75 :‘ wall
= / VAN S ' 0.50 Down-
N 0.3 2 = o w N ! —_ind
0.5 7 > S 5 Rl 0.25- \\ wall
. / 4 4 02 7 | \
1.0 T T 0.00 T T T T
—0.50 —0.25 0.00 0.25 0.50 0 1020 30 40 50 60
X [-] c =]

Fig. 10. xz—sections of the mean vertical velocity w [m s~!] above the street canyon (left) and vertical profiles of the dimensionless concentration ¢* within the
street canyon at the upwind and the downwind wall (right) for LES results for moving traffic with 4 = 0.1 m (a), the LES results with 4 = 0.05 m (b) and the
wind tunnel data (c). Dashed concentration profiles correspond to the standing traffic case.

removal, which in turn causes very likely a more pronounced reduction
of concentrations within the street canyon than observed in the wind
tunnel.

(4) PALM near-wall scalar issue: At the time the simulations were
conducted, a previously unknown issue in PALM related to near-wall
scalar conservation may have affected the results. This issue has since
been identified and resolved, but it may have led to an underestimation
of concentrations in the current simulations. Nonetheless, it should be
noted that the basic flow characteristics are particularly well captured
in the high-resolution domains.

Table 4 summarizes the mean timestep and CPU time per grid
point and timestep for each simulation. In this case, the additional
computational effort introduced by the IVM is approximately 8%, again
based on separate performance measurements (not shown here). The
increased overhead compared to the resting-vehicle case is primarily
due to the larger number of vehicles represented in the domain, which
requires more frequent updates of the imposed velocity field.

We conclude that the general pattern in the wind field as well as
the dispersion characteristics is qualitatively well reproduced by the
IVM and for both traffic cases, further supporting the validity and
applicability of the simulation approach. However, we see that the
agreement is better in the moving traffic case than in the standing
traffic case, especially for the LES data with a grid size of 4 = 0.05 m.
Further studies are planned to test the IVM under different boundary
conditions.

4. Conclusion and future work
In this study, a new simple method for modeling VIE in an LES

model (here: PALM) was introduced and validated. The newly devel-
oped IVM (Imposed Velocity Method) for representing VIT is based on
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an object, where the vehicles’ speed is imposed on the associated grid
volumes. Vehicle movement is modeled using a Lagrangian particle that
represents the motion of the vehicle’s center of gravity, while the shape
of the vehicle is represented by a 3D array. The IVM neglects surface
friction, reasoning that form drag is the dominant force. The method
was validated against experimental data from two different wind tunnel
experiments.

In the first setup, a model of a Vauxhall AstraVan was placed in
a wind tunnel with zero traveling speed and exposed to a uniform
approach flow. It was shown that a grid spacing of at least 4 = 0.05 m
is necessary in order to reliably reproduce the near wake pattern.
This requirement is not governed by the overall vehicle dimensions,
but by the need to resolve small-scale flow features such as shear
layers, separation regions, and recirculation zones, which occur on
much smaller length scales and are sensitive to both geometric rep-
resentation and numerical diffusion. Coarser grids lead to a step-like
approximation of the geometry, altering separation and distorting the
wake. This recommendation follows Letzel et al. (2008), who showed
in a resolution study of flow around obstacles in PALM that first- and
second-order statistics converge at a cube face resolution of 32 grid
points. The overall wake structure, particularly further downstream
from the vehicle, was successfully reproduced by the IVM. However,
IVM has two limitations: it tends to overestimate vehicle-induced vari-
ance at the vehicle’s upper edge, and it struggles to capture wake
characteristics near the ground close to the vehicle. The latter may be
related to the absence of frictional surfaces and is likely enhanced by
the Cartesian-grid framework, in which turbulence within the first grid
levels are only insufficiently resolved, such that the narrow flow region
between the vehicle and the ground is only insufficiently represented.
It should be noted, though, that these experiments were designed to
represent a specific car type in an undisturbed flow. It can be assumed
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that real-world conditions introduce greater variability than the specific
limitations observed in the simulation setup.

In the second setup, moving obstacles representing driving vehi-
cles were placed in an idealized street canyon. The comparison of
LES simulations and wind tunnel measurements for both standing
and moving traffic scenarios shows that the general flow field and
dispersion characteristics within an urban street canyon are qualita-
tively well reproduced by the IVM. Key flow features, such as the
canyon vortex and separation vortices at rooftop level, are captured
by both LES resolutions, with improved agreement at a grid spacing
of A = 0.05 m. Nonetheless, LES tends to overpredict horizontal
velocities at roof level, which leads to increased pollutant removal
from the canyon and consequently lower concentrations compared to
the wind tunnel data. These effects are especially pronounced in the
LES with 4 = 0.1 m. Despite these discrepancies, the LES qualitatively
reproduces the expected dispersion patterns well. Differences can be
attributed to several factors, including uncertainties in the wind tunnel
setup (e.g., unknown building roughness, vehicle plate positioning,
neglected corner eddies), as well as a known issue in PALM related
to near-wall scalar conservation, which has since been resolved but
may have contributed to an underestimation of concentrations. Despite
these limitations, the LES results demonstrate the model’s potential to
represent key flow and dispersion processes in urban street canyons
under conditions comparable to those examined here, in combination
with VIE parameterization.

We acknowledge that the present IVM-based LES simulations are
computationally expensive compared to RANS-based approaches. How-
ever, the objective of this study is not the development of a low-cost
predictive tool, but the establishment of a high-fidelity benchmark that
explicitly resolves the unsteady flow structures associated with VIT.
In this context, the additional computational cost is justified by the
ability of LES to capture wake dynamics, localized turbulence produc-
tion, and their interaction with the canyon-scale flow, which are fully
parameterized in RANS approaches. The overall computational effort
is primarily governed by the validation-driven setup, in particular the
need to preserve wind-tunnel similarity conditions through the imposed
combination of high inflow and vehicle velocities, and the correspond-
ing resolution requirements to adequately resolve the resulting flow
structures. The use of the nesting approach further contributes to the
computational demand. In comparison, the additional cost introduced
by the IVM itself is relatively small (about 1% to 8% in the present
studies). While the current approach is therefore not yet suitable for
large-scale urban applications at city or neighborhood scale, it provides
a physically consistent reference for the development and validation of
future parameterizations of VIE. In principle, the computational cost
could be reduced in future applications through optimization of the
nesting strategy (e.g. by disabling timestep synchronization between
the parent and child domain) or by using lower absolute velocities
while preserving the relevant similarity ratios between wind speed and
vehicle speed.

In a follow-up study, we will apply the new IVM to analyze the im-
pact of VIE under heated-surface conditions and for different wind-to-
vehicle speed ratios; this paper is already in preparation. A subsequent
study will extend the investigation to more complex scenarios, includ-
ing variations in vehicle fleet composition and geometry, street canyon
aspect ratios, roof configurations, wind conditions, and emission source
representations. In the longer term, the high-resolution simulations are
intended to serve as a basis for deriving simplified parameterizations
of VIE that can be applied in coarser-grid LES. The method is generally
applicable to LES simulations of moving objects as long as their motion
can be represented on the numerical grid; a limitation only arises for
processes involving radiative exchange, since the objects are treated as
transparent with respect to radiation.
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