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Abstract Three computational fluid dynamics (CFD) methods with different levels of
flow-physics modelling are comprehensively evaluated against high-spatial-resolution wind-
tunnel velocity data from step-down street canyons (i.e., a short building downwind of a tall
building). The first method is a semi-empirical fast-response approach using the Quick Urban
Industrial Complex (QUIC-URB) model. The second method solves the Reynolds-averaged
Navier–Stokes (RANS) equations, and the third one utilizes a fully-coupled fluid-structure
interaction large-eddy simulation (LES) model with a grid-turbulence inflow generator.
Unlike typical point-by-point evaluation comparisons, here the entire two-dimensional wind-
tunnel dataset is used to evaluate the dynamics of dominant flow topological features in
the street canyon. Each CFD method is scrutinized for several geometric configurations by
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varying the downwind-to-upwind building-height ratio (Hd/Hu) and street canyon-width to
building-width aspect ratio (S/W ) for inflow winds perpendicular to the upwind building
front face. Disparities between the numerical results and experimental data are quantified in
terms of their ability to capture flow topological features for different geometric configura-
tions. Overall, all three methods qualitatively predict the primary flow topological features,
including a saddle point and a primary vortex. However, the secondary flow topological fea-
tures, namely an in-canyon separation point and secondary vortices, are onlywell represented
by the LES method despite its failure for taller downwind building cases. Misrepresentation
of flow-regime transitions, exaggeration of the coherence of recirculation zones and wake
fields, and overestimation of downwards vertical velocity into the canyon are themain defects
in QUIC-URB, RANS and LES results, respectively. All three methods underestimate the
updrafts and, surprisingly, QUIC-URB outperforms RANS for the streamwise velocity com-
ponent, while RANS is superior to QUIC-URB for the vertical velocity component in the
street canyon.

Keywords Flow topology · Large-eddy simulation · Reynolds-averaged Navier–Stokes ·
Street-canyon flow

1 Introduction

The urban micro-climate plays an important role in the transport of pollutants, energy and
water use, and in the transport of momentum (Wu and Kriksic 2012). These transport pro-
cesses are modified by a myriad of factors including: large-scale meteorological processes,
urban morphology, vegetation cover, and water resource management (Hang et al. 2009;
Shishegar 2013). The impacts of these factors on the surrounding environment have been
the focus of numerous research (Arnfield 2003; Collier 2006; Souch and Grimmond 2006;
Moonen et al. 2012). Despite the critical role of field and laboratory experiments in urban
micro-climate research, the scarcity of experimental data over full urban domains and the
difficulty of acquiring detailed turbulent flow statistics make numerical methods an attractive
option for studying urban fluid mechanics (Fernando et al. 2001; Blocken and Stathopou-
los 2013; Blocken 2015). A recent literature review (Singh and Laefer 2015) indicates an
increased reliance on numericalmodelling comparedwithwind-tunnel or fieldmeasurements
in wind environment, air quality, and urban-heat island research.

For the last three decades, computational fluid dynamics (CFD) methods have been used
extensively to examine the intricacies of urban-flow structures (Murakami et al. 1999; Brit-
ter and Hanna 2003; Britter and Schatzmann 2007; Salim and Ong 2013). Urban CFD
applications include pedestrian comfort, plume transport, building energy consumption, and
natural ventilation (Toparlar et al. 2015). CFD is also utilized in urban design to study the
impacts of diverse architectural forms on local airflow characteristics, including flow sep-
aration points and vortex cores (Chung and Malone-Lee 2010). We refer to CFD methods
as any approach that solves the fundamental transport equations on a gridded domain. Typ-
ical CFD methods employed for the analysis of urban flows may be classified into three
main categories, each having different levels of physical representation and computational
requirements, namely: (1) fast-response (or simplified CFD, see e.g., Kochanski et al. 2015),
(2) Reynolds-averaged Navier–Stokes (RANS), and (3) large-eddy simulation (LES). While
other promising approaches exist, such as detached-eddy simulation (Liu and Niu 2016), we
focus here on the three most widely used methods.
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Fast-response urban flow and dispersion models provide results for quick turn-around
applications such as the rapid estimation of toxic chemical dispersion, training exercises, or
where large numbers of simulations must be performed in a short period of time (e.g., Brown
et al. 2013; Kochanski et al. 2015). The Plume Rise Model Enhancement fast-response
urban-flow model is one example (Schulman et al. 2000), and uses experimental data to
compute velocity and turbulence fields around isolated buildings. Other fast-response urban-
flowmodels take an additional step and require that the velocity field computed fromempirical
models also adheres to conservation of mass. Examples of these mass-consistent models
include the Quick Urban Industrial Complex flow solver QUIC-URB (Singh et al. 2008),
Ausbreitungs-und Stromungs-Modell fur Urbane Strukturen (Gross 1997), andMicro-Swift-
Spray (Tinarelli et al. 2007).

RANS solvers compute flow solutions to the ensemble-averaged Navier–Stokes equations
using a turbulence closure model for the Reynolds shear stress (Wilcox 2006). This method
has been investigated for a range of urban configurations, including isolated buildings (Tom-
inaga et al. 2008; Tominaga and Stathopoulos 2010), idealized urban canopies (Alegrini
et al. 2014), semi-idealized canopies (Hertwig et al. 2012) and full-scale field experiments
(Blocken and Persoon 2009; Janssen et al. 2013).

The LES technique computes solutions to the filtered Navier–Stokes equations. It resolves
large-scale energetic turbulent motions, while using a subgrid-scale model to represent unre-
solved motions, giving LES the ability to represent unsteady phenomena in complex urban
terrain. The capability of modelling fluctuations and periodic motions is a noticeable bene-
fit over other methods in urban flows (Murakami 1997; Tominaga and Stathopoulos 2011;
Salim et al. 2011). However, due to computational resource limitations, fewer LES studies
have been carried out on the urban micro-climate compared with other numerical approaches
(Blocken and Stathopoulos 2013).

Using the above-mentioned CFD approaches, numerous investigations have focused on
flow in idealized street canyons, which are the fundamental building units of urban infrastruc-
ture. Studies have revealed the impact of building geometry on vortex formation and plume
concentration in idealized street canyons (Xie et al. 2005). However, CFD simulations have
failed to reproduce the correct level of vortex intensity and the correct sign and magnitude of
the vertical velocity component inside the canyon (Santiago et al. 2007). These deficiencies
were mostly due to incorrect momentum transport (Ketzel et al. 2000; Sahm et al. 2002),
and the underestimation of turbulence intensity and air ventilation from intersecting streets
(Neofytou et al. 2008).

Despite the existence of many CFD studies, there are three significant aspects that have
rarely been addressed in street-canyon analysis. First, most were limited to simple idealized
street canyons with isolated or single-height building configurations. Second, the sensitivity
of spatial-flow-structure patterns to changes in the street-canyon geometrywas not addressed.
Finally, the evaluation process was mostly based on a restricted point-by-point comparison
of the velocity field, and has lacked continuous high-spatial-resolution wind-tunnel data
(Addepalli and Pardyjak 2015). Considering the geometric variability of street canyons in
real cities, numerical approaches have not been sufficiently examined for their ability to
reproduce dominant flow topological featureswith respect to experimental data (Koutsourakis
et al. 2012). Thus, the comprehensive evaluation of CFDmethods formore complex idealized
street-canyon geometries, such as step-down street canyons (i.e., a short building downwind
of a tall building), is an important step towards reliable CFD usage in urban-flow studies.
Further, the reproduction of various flow intricacies and dominant flow topological features,
including the primary and secondary vortex, saddle point and the in-canyon separation point
is needed.
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Here, we investigate the intricacies of flow patterns in idealized street canyons of uneven
building heights using CFD with different flow physics. We compare the numerical results
with each other and against experimental data for step-down street canyons defined by their
downwind-to-upwind building-height ratio (Hd/Hu < 1), where the height of the upwind
building (Hu) is greater than the downwind building height (Hd). We compare and assess the
momentum field in step-down street canyons computed from fast-response, RANS and LES
methods against published high-spatial-resolution wind-tunnel particle-imaging velocimetry
(PIV) data (Addepalli and Pardyjak 2015), focusing on the reproduction of diverse flow
structures, and flow-structure transitions existing in step-down street canyons (e.g., rooftop
recirculation zones, street-canyon cavities, building sidewall and downwind wake patterns
and vertical advection). Specifically, we vary the downwind-to-upwind building-height ratio
and canyon-length to building-width aspect ratio (S/W , where S is the length of the street
canyon and W is the width of the building). We also scrutinize the prediction of major flow
topological features (i.e., primary vortex, secondary recirculation zone, saddle point and
in-canyon separation streamline), and examine how each model predicts changes in flow
topological features with variations of Hd/Hu and S/W . Finally, we quantitatively examine
the prediction of streamwise and vertical velocity components throughout the entire canyon
by the different methods.

2 Model Description

2.1 QUIC-URB

QUIC-URB is a fast-response simplified CFD model based on the concept proposed by
Rockle (1990); it uses a three-dimensional mass-consistent approach to compute temporally-
averaged wind fields around explicitly resolved individual buildings. An initial wind field

(
−→
Vo = uo î + vo ĵ + wok̂) is generated based on empirical parametrizations for urban-flow
structures, including upwind and downwind cavities, rooftop recirculation zones, street
canyons and street intersections (see Singh et al. 2008; Gowardhan et al. 2010; Brown et al.

2013). After computing
−→
Vo according to the parametrizations, the velocity field is forced to

be mass consistent subject to the weak constraint that the variance of the difference between

the initial and final velocity fields (
−→
Vo and

−→
V , respectively) is minimized. QUIC-URB has

been evaluated against wind measurements and point-source-release tracer measurements in
the business districts of Salt Lake City (Gowardhan et al. 2006), Oklahoma City (Neophytou
et al. 2011; Brown et al. 2013), and New York City (NYC), where QUIC-URB performed as
well as a suite of five different CFD codes in blind tests based on standard plume-modelling
statistical comparisons (Allwine et al. 2008). QUIC-URB is among the most published urban
fast-response mass-conserving three-dimensional wind solvers. Since 2006, the fidelity of
QUIC-URB has been extensively discussed and examined for urban applications (Goward-
han et al. 2006; Singh et al. 2008; Hanna et al. 2011; Neophytou et al. 2011; Brown et al.
2013; Kochanski et al. 2015; Nelson et al. 2016).

We use the QUIC-URBmodel version 6.01, which includes a new parametrization for the
sidewall-wake recirculation zones around buildings (Sect. 2.1.1). Compared with previous
versions of the QUIC-URBmodel (not shown here for brevity), the new parametrization sig-
nificantly improves the representation of sidewall-wake flow patterns, vertical flow motions
and the flow patterns in the upper half of the street canyon.
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2.1.1 QUIC-URB Sidewall Recirculation Algorithm

A new parametrization in QUIC-URB version 6.01 that has not yet been described is the
sidewall algorithm, which is applied after the upwind recirculation, downwind wake, and
street-canyon algorithms are also applied to the building. Horizontally-rotating sidewall vor-
tices are produced in the low pressure regions that develop due to separated flow occurring
on either side of the front wall as the flow is diverted laterally around the front face of the
building (Hosker 1984).

Due to this directional dependence of the sidewall vortex formation, the sidewall algorithm
first checks the relative angle between the local wind vector and the faces of the building.
Vortices are formed only when a face has an outward normal vector nominally (±10◦)
perpendicular to the local wind vector, and the outward normal vector of the upwind adjacent
sidewall face is nominally (±10◦) parallel to the local wind vector. For an idealized building
with a rectangular footprint, this is done with a single check of the relative angle between the
local wind vector and the building rotation angle. For buildings with an arbitrary polygon
footprint, each face must be checked individually.

The sidewall vortex algorithm checks for the influence of other building flow algorithms
on the upwind edge of the sidewall, and does not place a sidewall vortex at the vertical
level where a wake field or street-canyon flow algorithm from an upwind building has been
applied. This on/off switch is designed to simulate the interruption of the strong lateral flow
bymore dominant flow structures upwind. At the vertical levels where the sidewall algorithm
is utilized, the vortex is defined similar to QUIC-URB’s rooftop vortex that develops along
the upwind edge of a flat roof and nominally perpendicular to the prevailing flow direction
(Wilson 1979; Pol et al. 2006; Singh et al. 2008). The important parameters controlling the
sidewall vortex strength and geometry are

R = B2/3
s B1/3

l , (1a)

Lc = 0.9R, (1b)

Wc = 0.22R, (1c)

where Bs is the smaller of the height (H ) and the effective cross-wind width (Weff ) of the
building (Nelson et al. 2008), Bl is the larger of H andWeff , R is the vortex size scaling factor,
Lc is the downwind length of the half-ellipse that defines the vortex recirculation region, and
Wc is the lateral width of the elliptical recirculation region. A reference velocity (U0) is
chosen from the undisturbed profile at the vertical level in question to scale the velocities
within the elliptical recirculation zone, and is specified as the velocity at the edge of the
external boundary layer growing from the leading edge of the sidewall and propagating
downstream of the encompassing recirculation region. Within the recirculation zone, the
velocity is reversed and scaled linearly from the reference wind speed near the wall to zero
at the edge of the ellipse.

2.2 Reynolds-Averaged Navier–Stokes

The RANS method of Kim and Baik (2010) used here assumes a three-dimensional, non-
hydrostatic, non-rotating, and Boussinesq airflow system, together with the renormalization
group (RNG) k–ε turbulence closure. The thermodynamic energy equation is not taken into
account owing to the isothermal conditions. For properly representing the effects of the wall
boundaries, the turbulent wall function of Versteeg and Malalasekera (1995) is implemented
to avoid the computational costs of resolving the details of the near-wall turbulent flow. Com-
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parison with the experimental data of Uehara et al. (2000) suggests the chosen RANSmethod
reliably simulates urban street-canyon flow (see Kim and Baik 2010). In general, the RNG
k–ε turbulence closure model has been found to have the best agreement with experimental
data in urban RANS studies (Kim and Baik 2004, 2010; Tominaga and Stathopoulos 2009,
2010; Koutsourakis et al. 2012), making it a logical choice for our comparative study.

2.3 Large-Eddy Simulation

Uintah:MPMICE has been used for a number of LES studies of street canyons and cities
(Hayati et al. 2014, 2016). Uintah:MPMICE is an Eulerian–Lagrangian two-way coupled
fluid-structure interaction LES code developed within a massively parallel computational
framework (Germain et al. 2000; Parker et al. 2006; Parker 2006; Meng and Berzins 2014).
Structural mechanics are represented using the material point method (MPM) that discretizes
solids into a collection of particles (material points) with appropriately specified material
properties, which account for both solid deformations and coupling to the flow field. Particle
evolution is then tracked in a Lagrangian frame of reference, where particle interaction occurs
through a background mesh rather than direct mutual communication. At each timestep,
the background mesh is used to calculate velocity gradients from the governing equations
(see Xia 2006; Guilkey et al. 2007, for further details on the MPM solver). The Implicit
Continuous fluid Eulerian (ICE) solver is amulti-material Eulerian cell-centred finite-volume
compressible flow solver based on Kashiwa et al. (1996) and Kashiwa (2001) in which we
have implemented different LES subgrid-scale models. The multi-material formulation of
the ICE solver includes two steps, namely, an Eulerian step, where conservation of mass,
momentum and energy are satisfied in each cell, and then a Lagrangian step in which the
contribution of the incoming and outgoing fluxes for each cell are used to update the material
state of the cells. The LES non-hydrostatic, non-Boussinesq multi-material equations of
conservation of mass, momentum, and energy are defined by

∂ ˜ρm

∂t
+ ∂ ˜ρmũ j

∂x j
= 0, (2a)

∂ ˜ρm˜umi
∂t

+ ∂ ˜ρm˜umi
˜umj

∂x j
= θm

∂σ̃i j

∂x j
+ ˜ρmgi + ∂θm(˜σm

i j − σ̃i j )

∂x j

−∂ ˜ρm

∂x j
(˜umi u

m
j − ˜umi

˜umj ) +
N

∑

l=1

˜f lmi , and (2b)

∂ ˜ρm
˜em

∂t
+ ∂ ˜ρm

˜em˜umj
∂x j

= − p̃θm
υ̇m

υm
+ θm τ̃i j

∂ ũi
∂x j

+ θm(˜σm
i j − σ̃i j )

∂˜umi
∂x j

−∂ ˜ρm

∂x j
( ˜emumj − ˜em˜umj ) − ∂˜qmj

∂x j
+

N
∑

l=1

˜Elm (2c)

respectively. Here, gi and x j denote the acceleration due to gravity and spatial coordinate
components, respectively, t is time, a (∼) indicates the LES filtering operation,m is an index
indicating differentmaterials towhich the conservation equations apply, θm , um, ρm, σm , and
f lmi represent the material m volume fraction, velocity, density, total stress and momentum
exchange force among different materials, respectively, and p, em, υm, υ̇m, qm , and Elm , are
pressure, internal energy, specific volume, the rate of change of specific volume, thermal flux,
and the energy exchange among different materials, respectively, for a materialm. The fourth
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Fig. 1 Illustration of the parameters used in the step-down test cases; L building along-wind length,W build-
ing cross-wind width, S street-canyon along-wind width, Hu(zref ): upwind building height, Hd: downwind
building height, δ: boundary-layer height, u∞: freestreamvelocity, uHu (uref ): streamwise velocity component
at z = Hu

terms on the right-hand side of Eqs. 2b and 2c represent the subgrid-scale stress and heat
flux, respectively, and are modelled using the dynamic Smagorinsky model (Germano et al.
1991; Lilly 1992), which provides better results than the standard Smagorinsky model for
urban-flow studies (Murakami 1998), and is one of the most commonly used LES subgrid-
scale models in general. Additionally, LES results have been reported to be insensitive to
the subgrid-scale model formulation for flows around buildings, since a significant portion
of turbulent eddies are resolved in the computational domain (Gousseau et al. 2013) (see
Xia 2006; Guilkey et al. 2007, for further details on the ICE solver). Our motivation for
using a fluid-structure interaction code here is primarily its ability to handle a wide variety
of environmental fluid dynamics applications (e.g., forest damage, storm, and tornado sim-
ulations) on very large computational scales. Moreover, the code facilitates the use of a new
grid-turbulence inflow generator described in Sect. 4.3.

3 Canyon Configurations

Our street-canyon configurations are identical to those in Addepalli and Pardyjak (2015).
Geometric and mean inflow velocity parameters defined for the step-down street-canyon
cases are illustrated in Fig. 1, where W, L , S, Hu, Hd, u∞, and uHu are the building cross-
wind width, building along-wind length, street canyon along-wind width, upwind building
height, downwind building height, upstream reference velocity, and streamwise velocity
component at the height of the upwind building, respectively. In the figures and discussion
throughout, the origin of the coordinate system is at the mid-width of the upstream building
leading edge on the ground surface (Fig. 1).

The inflow profiles are shown in Fig. 2 at 4L upstream of the first building. The inflow
formulation for the QUIC-URB and RANSmodels is described in Sects. 4.1 and 4.2, respec-
tively. Note that in QUIC-URB, there is no explicit turbulence model and thus no inflow
turbulence intensity (Fig. 2b). For RANS, the turbulence intensity profile was obtained based
on the turbulence kinetic energy as described in Sect. 4.2. For LES, a grid-turbulence inflow
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Fig. 2 Normalized inflow profiles in step-down street canyons at 4L upstream of the upwind building: a mean
streamwise velocity component and b streamwise turbulence-intensity components. Note that zref = 121.6 m
and uref = 6.72ms−1

generator simulated the appropriate level of wind shear in the mean streamwise velocity
component as described in Sect. 4.3.

For all cases, the along-wind length and cross-wind width of the buildings are fixed
at W = L ≈ 32 m, and the height of the upwind building is fixed at Hu ≈ 121.6 m. The
(downwind-to-upwind) building-height ratio (Hd/Hu) changes systematicallywith Hd/Hu ≈
0, 0.08, 0.16, 0.26, 0.34, 0.42, 0.53, 0.61, 0.69. For each building-height ratio,we consider two
different building aspect ratios (e.g., S/W ≈ 2.5 and 1) by varying the street-canyon along-
wind width from S ≈ 80 m (wide street canyon) to S ≈ 32 m (narrow street canyon). In
summary, for each street-canyonwidth,we examine eight test cases ofQUIC-URBandRANS
with 0.08 � Hd/Hu � 0.69 and five cases of LES for Hd/Hu ≈ 0, 0.08, 0.27, 0.34, 0.69.

4 Numerical Configuration

4.1 QUIC-URB

The distances to the inflow, lateral, and outflow boundaries from the buildings are 5L , 5L ,
and 10L , respectively, and the grid spacing in the x, y, and z directions is 3.2m (1,782,000
total cells). Further grid refinement did not significantly change the QUIC-URB results.
QUIC-URB only requires the mean wind profile at the domain inlet, and we use a power-law
fit to the experimental mean inflow velocity of Addepalli and Pardyjak (2015),

u(z) = uref

(

z

zref

)a

, (3)

where zref , uref , and a represent the reference height, streamwise velocity component at zref ,
and the power-law exponent, respectively. The profile of the inflow turbulence intensity is
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Table 1 Main parameters for the QUIC-URB simulations

Parameter/model Value/type

Grid spacing (sx × sy × sz ) 3.2 m × 3.2 m × 3.2 m

Numerical domain size (Lx × Wy × Hz ) 18L × 11L × 9L

Inflow parameters uref = 6.72 m s−1, zref = 121.6 m, a = 0.205

Street-canyon algorithm Rockle with Fackrell cavity

Blended region algorithm On

Rooftop algorithm Recirculation

Upwind-cavity algorithm High-rise MVP model

Wake algorithm Area scaled

Rooftop surface roughness length (zo) 0.1m

Building sidewall recirculation On

Table 2 Main parameters for the RANS simulations

Parameter/model Value/type

Grid size (sx × sy × sz ) 3.2 m × 3.2 m × 3.2 m

Numerical domain size (Lx × Wy × Hz ) 18 L × 11 L × 9 L

Inflow parameters uref = 6.72ms−1, zref = 121.6 m, a = 0.205,Cμ = 0.0845

Turbulence model RNG k-ε

Wall function Turbulent wall function

not defined in the QUIC-URB model since the methodology is fundamentally dependent
on street-canyon parametrizations and no turbulence model is implemented. The domain
height is fixed at 288m for all test cases. The domain size, inflow parameters, and different
algorithms employed in QUIC-URB are presented in Table 1.

4.2 Reynolds-Averaged Navier–Stokes

The domain size in relation to the building width, the grid resolution, and the inflow wind
profile used in the RANS simulations are the same as those used for the QUIC-URB sim-
ulations (Table 2). Selected runs at higher resolution, i.e., 1.6m×1.6m×1.6m improved
numerical results negligibly. The required inflow profiles for turbulence kinetic energy (k)
and its dissipation rate (ε) are specified following Apsley and Castro (1997) as

k(z) = 1

C0.5
μ

u2∗
(

1 − z

δ

)2

, (4a)

ε(z) = C0.75
μ k1.5

κz
, (4b)

where u∗, κ , and Cμ are the friction velocity, von Karman constant (κ = 0.4), and empirical
constant (Cμ = 0.0845) in the k − ε turbulence closure scheme. The streamwise component
of turbulence intensity is then derived with the assumption of turbulence isotropy. A zero-
gradient condition is applied at the top surface. Symmetry boundary conditions are applied
at lateral surfaces, and zero static pressure is specified at the outlet.
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4.3 Large-Eddy Simulation

The grid spacing in the x, y, and z directions is 2m (3,120,000 total cells), with resolution tests
on selected cases at a coarser grid spacing (3.2m) resulting in a loss of secondary recirculation
zones observed in the experimental data. Grid refinement (to 1m) did not lead to significant
improvements in the representation of features in the mean velocity field. Previous work
has demonstrated that the details of LES velocity fields can be highly sensitive to turbulent
inflow conditions (e.g., Tabor and Baba-Ahmadi 2010), and preliminary LES tests confirmed
the strong sensitivity to inlet boundary conditions. Most existing turbulent inflow boundary
conditions for LES use some variation of precursor simulation data (Munters et al. 2016),
synthetic methods (Muñoz-Esparza et al. 2015), or flow rescaling (Yang and Meneveau
2016). However, these methods are computationally intensive and require the handling of
large amounts of data.

A new inflow generator was thus developed using Uintah:MPMICE material points to
directly place a rigid grid at the inlet of the computational domain (Fig. 3a). The concept of
grid-turbulence generation has been extensively investigated in wind-tunnel studies (Comte-
Bellot and Corrsin 1966; Seoud and Vassilicos 2007; Valente and Vassilicos 2011), but
rarely examined numerically for LES inflow. Here, the grid-turbulence inflow generator
consists of spanwise (along y) and vertical (along z) rectangular bars located at the inlet of
the computational domain (Fig. 3b). Two features of the inlet profile were found to have
the strongest impact on flow dynamics, mean shear and velocity profiles and turbulence
intensity. The desired vertical velocity profile was created by positioning the spanwise bars
with a progressive vertical spacing defined by

zK+1 = zK + (Li + K L p), (5)

where K is the index for the spanwise bars with K = 0, 1, 2, . . . , N , with N the index
of the last bar, zK is the z coordinate of the centreline of the K th bar, with z0 = 0 and
zN � δ − εz , and Li and L p are the initial and step-progression lengths, respectively. The
vertical clearance length εz prevents the interference of the last bar with the top boundary of
the domain. The turbulence intensity is adjusted with a set of uniform vertical bars located at

yQ+1 = yQ + Lu (6)

where Q is the index for the vertical bars for Q = 0, 1, 2, . . . , M , with M the index of the
last vertical bar and yQ is the y coordinate of the centreline of the Qth bar, with y0 = 0 and
yM � Wy − εy . The spanwise clearance length εy prevents the grid from interfering with the
lateral domain boundary, and Lu is the uniform step length. In addition to the turbulence grid,
the ground surface is covered with homogeneous square-shaped surface roughness elements
(Fig. 3a) to approximate the upstream wind-tunnel floor roughness elements used in the
experiment (Addepalli and Pardyjak 2015). Inside the canyon, surface roughness elements
are not included (Addepalli and Pardyjak 2015). The combination of the surface roughness
elements and turbulence-grid results in an LES inflow profile of the streamwise component
of the turbulence intensity matching the experimental data away from the wall very well, but
overestimating values near the wall (Fig. 2).

The dimensions of the computational domain, inlet grid, and roughness elements are given
in Table 3. The width of the inflow grid bars (Wb) is 6m, and the length and width of the
surface roughness elements (lsr andwsr, respectively) are both 6m, with a height (hsr) of 4m.
In preliminary runs, the inlet distance was varied and the velocity profile at 4L upstream of
the first building was compared against experimental data (Fig. 2). Based on those results,
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Fig. 3 LES domain set-up with the grid-turbulence inflow generator at the inlet and homogeneous square-
shaped surface roughness elements covering the surroundings of the street canyon a overall view b schematic
of the grid-turbulence inflow generator

we set the inlet distance to 15L , which is a sufficient distance (15L from the buildings) to
allow for the mixing of the grid-turbulence structures, and to produce a sufficient level of
turbulence perturbation at the inflow upstream of the buildings.

The outflow boundary conditions use the local one-dimensional inviscid boundary condi-
tion to avoid reflected wake propagation (Poinsot and Veynante 2001). The distances to the
side, and outflow boundaries from the buildings are 6L and 17L (L ≈ 32 m), respectively.
The lateral domain boundaries use a symmetry condition for all prognostic variables, while
the domain top surface uses a zero-gradient condition on all variables. The no-slip boundary

condition is enforced at all solid surfaces via the momentum exchange term˜f lm in Eq. 2b.
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Table 3 Main parameters for the LES simulations

Parameter/model Value/type

Numerical domain size (Lx × Wy × Hz ) 32L × 13L × 7.5L

Inflow parameters uref = 6.72ms−1, Li = 18m, Lp = 2 m, εz = εy =
2 m, Lu = 12 m,Wy = 384 m,Wb = lsr = wsr =
6 m, hsr = 4 m, δ = 240 m

Subgrid-scale turbulence model Dynamic Smagorinsky

Table 4 Computational cost for one test case simulation

Method Number of
cores

Computational
time

Total computational
cost (CPU hours)

Computer system

QUIC-URB 1 5sec 0.0014 MacBook Pro 2.6GHz Core i5

RANS 4 5h 20 MacBook Pro 2.6GHz Core i5

LES 480 2.5days 28,800 NCAR and XSEDE supercomputers

4.4 Computational Cost

The computational costs for the QUIC-URB, RANS and LES methods are given in Table 4.
QUIC-URB is the fastest and cheapest method, with a running time ≈5sec on one core,
followed by RANS which is completed within ≈5h on four cores using a MacBook Pro
2.6GHzCore i5 personal computer. LES is themost expensivemethod, requiring significantly
more computational resources together with a much longer running time of ≈2.5days on
480 cores of NCAR’s Yellowstone and XSEDE’s Stampede supercomputer clusters. The
total computational cost of even a single LES simulation is over 1400 times that of a RANS
simulation, while QUIC-URB is the cheapest method with a total computational cost of
≈0.0014 CPU h, or over 14,000 times cheaper than a RANS simulation.

5 Results and Discussion

In this section, we present the numerical results obtained from the three CFD methods. We
compare numerical results on a vertical plane along the centre of the canyon (the x–z plane at
y/S = 0) and on a horizontal plane located at the mid-height of the downwind building (the
x − y plane at z/W ≈ 0.5Hd) in Sects. 5.1 and 5.2, respectively. We consider three different
building-height ratios (Hd/Hu ≈ 0.08, 0.27, and 0.69) for wide and narrow street canyons
(S/W ≈ 2.5 and S/W ≈ 1, respectively). For the x–z plane, we compare the numerical
results of the three CFD methods with each other and against published experimental data
(Addepalli and Pardyjak 2015). For the horizontal plane, numerical results are only contrasted
to each other for Hd/Hu ≈ 0.27 due to the lack of experimental data. Finally, in Sect. 5.3
we analyze features of the velocity-field flow topology with both quantitative and qualitative
metrics, and compare with experimental data.

To identify features of the flow topology from different datasets in a consistent manner, an
identical streamline density represents the flow patterns, and features of the flow topology are
extracted visually using the observed patterns. As numerical techniques for flow-topology
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extraction (e.g., Helman and Hesselink 1991; Weinkauf et al. 2011) resulted in the detection
of additional non-existent flow features, they are not employed here.

5.1 In-Canyon Along-Wind Centreplane (x − z plane)

5.1.1 Canyon Configurations: Hd/Hu ≈ 0.08, S/W ≈ 2.5 and 1

Contours of the mean vertical velocity (w) and streamline patterns computed from the three
different CFD methods are shown with wind-tunnel PIV data in Figs. 4 and 5 for wide and
narrow street canyons (S/W ≈ 2.5 and S/W ≈ 1), respectively, at the in-canyon along-
wind centreplane. The experimental data for the wide street canyon (Fig. 4d) have the clear
signature of awake-dominated flow regime (Hussain andLee 1980),where flow structures are
strongly influenced by the upwind building. The presence of a saddle point (flow topological
feature II in Fig. 4d) corresponding to an equilibrium point between the vertical flow from
above the street canyon and horizontal flow around the upwind building, is a unique flow
feature in this configuration (see Sect. 5.2 for the examination of horizontal flow patterns).

A counter-rotating vortex pair is observed in the canyon.Aprimary clockwise vortex forms
above the saddle point in the upper left-hand corner of the street canyon (flow topological

Fig. 4 Contours of the normalized mean vertical velocity at the in-canyon along-wind centreplane for a step-
down street canyon for Hd/Hu ≈ 0.08 and S/W ≈ 2.5 (wide street canyon) as computed from the results
of three CFD methods a QUIC-URB, b RANS, c LES, and from d experimental PIV data—Flow topological
features I: Primary vortex core, II: Saddle point, III: Cavity-dividing streamline, IV: In-canyon separation
point, V: Secondary vortex core
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Fig. 5 Contours of normalized mean vertical velocity at the in-canyon along-wind centreplane for a step-
down street canyon for Hd/Hu ≈ 0.08, S/W ≈ 1 (narrow street canyon) as computed from the results of
three CFD methods a QUIC-URB, b RANS, c LES, and from d experimental PIV data

feature I in Fig. 4d) and a counter-clockwise secondary vortex forms below the saddle point in
the lower left-hand corner of the street canyon (flow topological featureV in Fig. 4d). The sec-
ondary vortex is poorly resolved by the experimental data as a result of laser beam reflection
and image acquisition errors near the building corners (Addepalli and Pardyjak 2015). The
existence of an in-canyon separation streamline (described as a ground-originating shear layer
by Addepalli and Pardyjak 2015) or a cavity-dividing streamline (flow topological feature
III in Fig. 4d), is another prominent feature observed in the experimental data. The cavity-
dividing streamline originates on the ground at the in-canyon separation point (flow topolog-
ical feature IV in Fig. 4d), resulting from the convergence of the lateral flow downstream of
the upwind building, leading to upwards flow towards the primary vortex and saddle point.

In comparing the numerical results with the experimental data, the QUIC-URB model
significantly underpredicts the vertical flow in the lower half of the street canyon. In the upper
half of the canyon, downwards vertical advection into the canyon from both the sides and the
top of the upwind building is well simulated. The saddle point, in-canyon separation point and
cavity-dividing streamline are roughly captured, but with the saddle point and cavity-dividing
streamlines located much closer to the upwind and downwind buildings, respectively. The
strength of the recirculation zone is much lower than indicated by the experimental data with
a small primary vortex attached to the top corner of the upwind building. The secondary
vortex is not observed in the QUIC-URB results.

RANS predicts the formation and location of the primary vortex better than QUIC-URB,
but still fails to predict the counter-rotating vortex pair (Fig. 4b). As with QUIC-URB, RANS
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results show the locations of saddle and in-canyon separation points inaccurately, with the
separation point located on the rooftop of the downwind building. The strength of the vertical
flow in the lower half of the canyon is greater thanQUIC-URB, but stillweaker than that for the
experimental data. RANS also overestimates the wake of the upwind building by stretching
the recirculation zone throughout the canyon, which moves the in-canyon separation point
to the rooftop of the downwind building.

The LES results indicate that the counter-rotating vortex pair is correctly captured, with
a secondary vortex located in the lower left-hand corner of the street canyon (Fig. 4c).
The formation of the saddle point, the in-canyon separation point, and the curvature of the
cavity-dividing streamlines are also in agreement with the experimental data. The LESmodel
predicts the in-canyon separation point at the mid-width of the canyon. Note that even with
LES, the strength of the vertical motion is still underestimated in the lower half of the street
canyon.

Figure 5 shows that as the along-wind width of the street canyon decreases, the flow
changes from a wake-dominated regime to a deep canyon skimming flow regime (Hussain
and Lee 1980), where the downwind building has a much stronger impact on the upwind
building’s wake flow. As in the wide canyon case, there is a counter-rotating vortex pair, but
the in-canyon separation point and dividing streamline rise to the rooftop of the downwind
building (Fig. 5d). The secondary recirculation zone in the lower left-hand corner of the street
canyon is not fully resolved due to PIV resolution issues (Addepalli and Pardyjak 2015).

In this narrow street-canyon case, QUIC-URB does not capture the substantial changes
in flow regime, and erroneously predicts the flow equilibrium zone in the upper half of the
canyon (Fig. 5a). The RANSmodel overestimates the strength of downwards advection in the
upper half of the canyon and underestimates the flow updraft around the downwind building
(Fig. 5b). Both RANS and LES models predict the counter-rotating vortex pair in the lower
left-hand corner of the canyon (Fig. 5b, c), while RANS and QUIC-URB models fail to
predict the in-canyon separation point and dividing streamline on the downwind building
rooftop. In the LES results, the cavity-dividing streamline is slightly shifted downstream
on the rooftop of the downwind building with respect to the experimental data (Fig. 5c).
Here again, LES underpredicts the updrafts near and above the downwind building. All three
methods erroneously predict disconnected flow regions in the upper and lower half of the
canyon, while the experimental data indicate updrafts from the lower half of the canyon to
the upper half.

Figure 6 shows the observed and simulatedmean vertical velocity profiles along the centre
of wide and narrow street canyons. In the lower half of the wide street canyon (z/W < 2.0),
QUIC-URB predicts no updraft, while RANS and LES models underestimate it by ≈50%
(Fig. 6a). As the width of the street canyon decreases, the strength of the vertical flowmotions
decrease significantly, and downwards advection into the vicinity of the canyon vanishes
(Fig. 6b). In the lower half of the canyon (0 < z/W < 2), QUIC-URB again produces no
updraft, while RANS and LES models significantly underestimate it by ≈65%. High above
the canyon (z/W > 3), QUIC-URB produces significant downdrafts, while both RANS and
LES models correctly predict the strength of the updrafts (Fig. 6b).

5.1.2 Canyon Configurations: Hd/Hu ≈ 0.27, S/W ≈ 2.5 and 1

Increasing the height of the downwind building from Hd ≈ 0.08Hu to Hd ≈ 0.27Hu does
not significantly alter the dynamics of the mean flow in the street canyon (compare Figs. 4d
and 7d ). Themain differences observed in the experimental data include the intensification of
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Fig. 6 Normalized mean vertical velocity profiles in the middle of the canyon for the step-down street canyon
for Hd/Hu ≈ 0.08, a S/W ≈ 2.5 (wide street canyon), b S/W ≈ 1 (narrow street canyon)

updrafts and a vertical shift upwards of the saddle point, which indicate increased interaction
between the downwind and upwind buildings.

The results from theQUIC-URB simulation are similar to those in Sect. 5.1.1. The primary
departure is a shift in the location of the separation streamline, which moves from the bottom
corner of the downwind building to the upper corner (Fig. 7a). The RANS results are also
similar to those described in Sect. 5.1.1, including a lack of any secondary recirculation. The
primary difference is that the location of the saddle point is shifted slightly upwards (Fig. 7b).
Increasing the downwind building height to 0.27Hu has aminimal impact on the performance
of theLESmodel.Aswith the 0.08Hu case, LEScaptures the primary topological features, but
underestimates the vertical updraft strength in the canyon. As a result, LES places the saddle
point at a lower height in the canyon compared with the PIV data (Fig. 7c). Additionally, the
secondary vortex in the lower right-hand corner of the street canyon is exaggerated in extent
(Fig. 7c).

As shown in Fig. 8d, when the width of the street canyon is decreased, the experimental
data have two noticeable changes from the Hd/Hu ≈ 0.08 narrow street-canyon case. The
first is a decrease in the apparent extent of the updraft region in the lower right-hand corner
of the canyon, and the second is an associated movement of the source above the downwind
building in the positive x direction (Fig. 8d). Again, QUIC-URB fails to simulate changes
in the flow topology associated with an increase in the downwind building height, by erro-
neously predicting a street-canyon vortex at the height of the downwind building (Fig. 8a),
due to the street-canyon-flow algorithm having been designed mostly based on data collected
within buildings of equal height (Singh et al. 2008). The QUIC-URB and LES models both
approximately capture the strength of the updrafts, while the RANS model strongly under-
estimates it. All numerical simulations overestimate the experimentally observed downdraft
flow motions close to the upwind building at 1 < x/W < 1.2 and 0 < z/W < 1.2. This
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Fig. 7 Contours of normalizedmean vertical velocity at the in-canyon along-wind centreplane for a step-down
street canyon for Hd/Hu ≈ 0.27, S/W ≈ 2.5 (wide street canyon) as computed from three CFD methods a
QUIC-URB, b RANS, c LES, and from d experimental PIV data

overly strong downdraft is associated with the street-canyon parametrization in QUIC-URB
(designed for buildings of equal height) and the underestimation of the lower canopy updraft
by the RANS and LES models. The mean vertical velocity profiles in the middle of the
along-wind centreplane are similar to those observed in Sect. 5.1.1.

5.1.3 Canyon Configurations: Hd/Hu ≈ 0.69, S/W ≈ 2.5 and 1

Contours of mean vertical velocity (w) and streamlines computed from different CFD meth-
ods and PIV data are shown in Figs. 9 and 10 for wide and narrow street canyons (S/W ≈ 2.5
and S/W ≈ 1), respectively, at the along-wind centreplane. The experimental data for the
wide street canyon (Fig. 9d) still indicate a wake-dominated flow regime, but the effect of the
downwind building on the street-canyon cavity is more significant than the shorter downwind
building cases. This impact manifests in the strengthening of the updrafts, the decrease in the
absolute distance between saddle point and primary vortex, and a shift of the in-canyon sepa-
ration point towards the downwind building. Note that the flow-regime transition from wake
dominated to deepwake interference occurs at greater building-height ratios (Hd/Hu > 0.88,
Addepalli and Pardyjak 2015).

None of the computational methods successfully captures all features of the flow topology
for this configuration, though the QUIC-URBmodel still predicts a vortex attached to the top
corner of the upwind building.WhileQUIC-URB is the onlymodel that correctly captures the
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Fig. 8 Contours of normalizedmean vertical velocity at the in-canyon along-wind centreplane for a step-down
street canyon for Hd/Hu ≈ 0.27, S/W ≈ 1 (narrow street canyon) as computed from three CFD methods a
QUIC-URB, b RANS, c LES, and from d experimental PIV data

saddle point in the upper half of the canyon, this model misses the vertical flow in the lower
half of the canyon (Fig. 9a). The RANS and LES models both improve the representation
of updrafts compared with QUIC-URB (Fig. 9b, c), with LES arguably better, but neither
model reproduces the in-canyon separation point observed in the experiments. LES is the only
method that captures the double counter-rotating secondary vortices at the bottom corners
of the buildings (Fig. 9c). The LES and RANS models both overpredict the impact of the
downwind building on the canyon cavity and the transition to the deep-wake interference
regime at a lower building-height ratio compared with the experimental data (see Addepalli
and Pardyjak 2015).

As the width of the street canyon decreases for this building configuration (Fig. 10),
the taller downwind building induces stronger updrafts in the canyon compared with the
Hd/Hu ≈ 0.27 case. The updrafts are intensified up to the height of the downwind building
within the entire canyon. The deep canyon skimming-flow regime is dominant, and a static
vortex manifests itself at the top of the canyon (Fig. 10d). For this case, the QUIC-URB
model significantly underestimates the updrafts in the canyon and produces an erroneous
vortex at the height of the downwind building similar to the Hd/Hu ≈ 0.27 case, while
also predicting an unexpected saddle point at the top of the canyon (Fig. 10a). The RANS
model results indicate strong downwards advection from the rooftop cavity of the downwind
building towards the upwind building for 2 < z/W < 2.5, leading to the spurious generation
of a secondary vortex in the middle of the canyon (Fig. 10b). The LES model also results
in a downwards advection at z/W ≈ 2.5 into the canyon not observed in the experiments,
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Fig. 9 Contours of normalized mean vertical velocity for a step-down street canyon for Hd/Hu ≈
0.69, S/W ≈ 2.5 (wide street canyon) as computed from three CFD methods a QUIC-URB, b RANS, c
LES, and from d experimental PIV data

but at a lower magnitude over a much smaller region (Fig. 10c). As a result, the secondary
vortex observed in the RANS flow field does not appear in the LES results. All three models
predict the primary vortex, with QUIC-URB significantly underestimating the strength and
the development of the recirculation zone at the top of the canyon.

Themean vertical velocity profiles in the middle of the along-wind centreplane are similar
to those observed in Sect. 5.1.1.

5.2 Canyon Horizontal Plane

The previous sections illustrate the mean velocity-field dynamics of the three methods in a
vertical cross-section. Here, a horizontal plane located at the mid-height of the downwind
building (z/W ≈ 0.5Hd) is used to explore the wake-flow propagation around the buildings.
Since PIV data were not collected in the horizontal plane, the numerical results are only
inter-compared, and only for wide and narrow street canyons (S/W ≈ 2.5 and S/W ≈ 1)
with Hd/Hu ≈ 0.27 (Figs. 11 and 12). For the wide street canyon, the LES results show that
the lateral flow, i.e., horizontal flow entering the canyon from the sides, and the canyon-cavity
flow both strongly contribute to the formation of a counter-rotating vortex pair, as well as a
flow equilibrium zone at the mid-width of the canyon (y/W ≈ 0, x/W ≈ 2.2) (Fig. 11c).
The interaction between the lateral and canyon-cavity flows leads to a flow equilibrium in
the middle of the canyon. As a result, one observes the separation of flow from the ground,
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Fig. 10 Contours of normalized mean vertical velocity for a step-down street canyon for Hd/Hu ≈
0.69, S/W ≈ 1 (narrow street canyon) as computed from three CFD methods a QUIC-URB, b RANS, c
LES, and from d experimental PIV data

and the formation of a cavity-dividing streamline and a saddle point as illustrated by the
vertical planes (Fig. 7c). Flow separates from the leading edge of the upwind building to
form lateral recirculation zones, resulting in an increase in the width of the canyon-wake
flow. In the wake of the downwind building, a counter-rotating vortex pair develops from
the building trailing edge (x/W ≈ 4.5) up to x/W ≈ 5.2 with the vortex core located
at x/W ≈ 4.75. Comparing QUIC-URB with LES model results, the vertical velocity is
significantly underestimated, except for a small region at the upwind cavity of the upwind
building (Fig. 11a). The wake of the upwind building dominates the entire street canyon
with a strong counter-rotating vortex pair stretched between the two buildings. Moreover,
the depth of the sidewall separation is much smaller and the sidewall counter-rotating vortex
pair is not resolved. Note that, in previous QUIC-URB versions without the building sidewall
recirculation algorithm, no sidewall recirculation was predicted.

In the wake of the upwind building, RANS results show a counter-rotating vortex pair
that is also larger than that for the LES results. The RANS model exaggerates the coherence
of the flow structures even more than QUIC-URB; the entire street canyon is dominated
by a large counter-rotating vortex pair with the vortex core located farther downstream of
the upwind building (x/W ≈ 1.75) compared with QUIC-URB (x/W ≈ 1.5) and LES
(x/W ≈ 1.25) (Fig. 11b). Similarly, the RANS model downwind-building wake develops
over a much larger zone compared with QUIC-URB and LES. The vertical velocity and the
sidewall counter-rotating vortex pair are also larger than QUIC-URB, but still smaller than
LES model results. Note that none of the models predicts separation from the downwind
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Fig. 11 Wake-field distribution in a wide step-down street canyon for Hd/Hu ≈ 0.27, S/W = 2.5 at the
mid-height of the downwind building (z/Hd ≈ 0.5) as computed from three CFD methods a QUIC-URB, b
RANS, and c LES

building sidewalls. As a result, the width of the downwind building wake is narrower in
extent than the canyon-recirculation region, indicating the correct logic of the QUIC-URB
model in not applying the sidewall algorithm to the downwind building.

As the width of the street canyon decreases, LES no longer predicts the in-canyon saddle
point, and the counter-rotating vortex pair covers the entire canyon cavity (Fig. 12c). The lack
of interaction between vertical flow downwards into the canyon and the lateral flow entering
the canyon results in a deep canyon skimming-flow regime as discussed in Sect. 5.1.2. Other
than the dominance of the recirculation zone in the street-canyon cavity, the wake structures
are similar to the case of the wide street canyon. The RANS results show a counter-rotating
vortex pair in the canyon cavity similar to LES, but the wake of the downwind building is
much larger, stretching to x/W ≈ 5.3 with a much stronger counter-rotating vortex core
located at x/W ≈ 4 compared with x/W ≈ 3.5 for LES (Fig. 12b). In examining the
RANS model results for both cases, one observes that a coherent recirculation zone in the
canyon cavity dominates the entire canyon (for the cases considered), and is bounded by the
downwind building.

Overall, the results in the horizontal plane validate the hypothesis of Addepalli and Pardy-
jak (2015) that the features and dynamics observed in the vertical plane are indicators of the
interaction between lateral and vertical flow motions.

5.3 Flow Topological Features

5.3.1 Dynamics Tracking

It is instructive to determine how each CFD method tracks changes in topological features in
the flow as a function of street-canyon geometry in comparison with the PIV data (Fig. 13).
Only the wide street-canyon case is presented, as the narrow street canyons only have a
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Fig. 12 Wake-field distribution in a narrow step-down street canyon for Hd/Hu ≈ 0.27, S/W = 1 at the
mid-height of the downwind building (z/Hd ≈ 0.5) as computed from three CFD methods a QUIC-URB, b
RANS, and c LES

single strong topological feature (the vortex just below and downwind of the top of the
upwind building), which is a very weak function of Hd. The source that appears above the
downwind building only appears with small Hd and is not tracked here. The experimental
data indicate that, as the height of the downwind building increases (Hd/Hu increases), the
saddle point elevates towards the top of the street canyon and shifts closer to the upwind
building. The QUIC-URB and RANS methods significantly underestimate and overestimate
the downstream distance to the saddle point by≈0.5 and≈1.5W, respectively (Fig. 13a). The
erroneous prediction of the streamwise location of the saddle point byQUIC andRANSmod-
els is directly associated with the interaction of the horizontal recirculation zones (Sect. 5.2)
and the flow equilibrium (Sect. 5.1). While the LES model appears to correctly predict
the streamwise location of the saddle point, it underpredicts the saddle-point elevation by
≈1W, likely related to the weaker updrafts discussed in Sect. 5.1. From the eight test cases
simulated with QUIC-URB and RANS, QUIC-URB qualitatively predicts the saddle point
in all test cases, while the RANS model fails to capture the feature in three cases (i.e.,
Hd/Hu ≈ 0.53, 0.61, and 0.69). Even LES could not predict the feature for Hd/Hu ≈ 0.69
from the five examined test cases (Fig. 13a).

For the primary vortex, the experimental data suggest that the vertical position is inde-
pendent of the building-height ratio. As the height of the downwind building increases, the
vortex moves horizontally towards the downwind building (Fig. 13b), which is likely related
to the enhanced wake interaction between the upwind and downwind buildings for increased
building-height ratios. From the studied test cases, all three methods qualitatively capture the
primary vortex (Fig. 13b), and successfully predict the vertical location of the vortex core.
In the streamwise direction, the QUIC-URB model underestimates the location of the vortex
core by ≈0.5W. As the building-height ratio increases, the primary vortex as modelled by
QUIC-URB remains stationary.

As the downwind building height increases, the origin of the in-canyon separation point
shifts towards the downwind building due to the intensified interaction between the lateral
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Fig. 13 Spatial variation of three flow topological features (a saddle point, b vortex core, and c in-canyon
separation point) in wide step-down street canyons with downwind-to-upwind building-height ratios covering
the range: 0 � Hd/Hu � 0.69

flowand the street-canyon cavity (Fig. 13c). LES is the onlymethod that correctly captures the
in-canyon separation point and accurately predicts the horizontal inclination of this feature,
while the QUIC-URB and RANS methods fail in the modelling of its spatial variation.
Both result in a static streamwise location for the in-canyon separation point on the leading
edge of the downwind building (x/W ≈ 3.5) and the rooftop of the downwind building
(x/W ≈ 4.1), respectively. From the eight test cases simulated with QUIC-URB and RANS
models, the QUIC-URBmethod qualitatively predicted the in-canyon separation point on the
ground (i.e., z/W ≈ 0) only for Hd/Hu ≈ 0.08, while the RANS method failed to capture
the feature on the ground for all cases (Fig. 13c). Even LES does not predict the feature for
Hd/Hu ≈ 0.69 (Fig. 13c).

5.3.2 Accuracy and Capability

Here, we quantify the ability of the three CFDmethods to predict the locations of the various
flow topological features and the entire velocity field in the in-canyon along-wind centreplane
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of step-down street canyons using themean relative error (εR), the bounded normalizedmean-
square error (BNMSE) (Warner et al. 2006) and the coefficient of determination (R2) defined
as

εR = 1

T

T
∑

h=1

√

√

√

√

(

|xnumh − xexph |
xexph

)2

+
(

|znumh − zexph |
zexph

)2

× 100, (7a)

BNMSE =

E
∑

a=1
(cnuma − cexpa )2

E
∑

a=1
(cnuma + cexpa )2

, (7b)

R2 = 1 −

E
∑

a=1
(cnuma − cexpa )2

E
∑

a=1
(cexpa − c)2

, (7c)

respectively. In Eq. 7a, h is the index for the test cases and T is the total number of test
cases simulated by each method (i.e., T = 8 for QUIC-URB and RANS and T = 5
for LES), εR is the mean relative error in the prediction of each flow topological fea-
ture’s location with different CFD methods with respect to the experimental data, xnumi
and znumi are the simulated x and z locations of the flow topological features for each
test case (S/W ≈ 2.5, 0 � Hd/Hu � 1), whereas xexpi and zexpi are the experimental
x and z locations. In Eq. 7b, a indexes all simulated points in the entire street canyon,
i.e., 1 � x/W � 3.5, 0 � z/W � 4), and cnuma and cexpa are the simulated and experi-
mental streamwise and vertical velocity components, respectively, with c the mean velocity
component.

LES performs well for all features, with a relative error of ≈21% for both the sad-
dle and in-canyon separation points, and 6% for the vortex core (Fig. 14). QUIC-URB
and RANS models locate the saddle point with errors of ≈30 and ≈42%, respectively.
The RANS model is superior at locating the vortex (≈10%), while QUIC-URB’s inability
to track the core’s movement results in a poor overall performance (≈38% error). Nei-
ther the QUIC-URB nor RANS model is capable of simulating the in-canyon separation
point correctly, leading to a relative error of ≈115 and 130%, respectively. For narrow step-
down street canyons, all methods predict the location of the major vortex core reasonably
well with errors of about 21, 9, and 6% for the QUIC-URB, RANS, and LES methods,
respectively.

QUIC-URB outperforms the RANS model in simulating the streamwise velocity compo-
nent in all test cases of wide street canyons as evident in the smaller BNMSE and higher R2

values (Fig. 15a, c). However, RANS is significantly better than QUIC-URB for the vertical
velocity component with smaller BNMSE and higher R2 values (Fig. 15b, d). In all test
cases, LES has the best agreement with the measurements, having the lowest BNSME and
highest R2 values (Fig. 15a–d). QUIC-URB performance deteriorates almost monotonically
with higher Hd for both streamwise and vertical velocity components (Fig. 15a, b) due to
the inadequacy of its flow parametrization algorithms. Both RANS and LES results indicate
non-monotonic degradation in vertical velocity with the highest BNSME and lowest R2

values at Hd/Hu ≈ 0.69 (Fig. 15b, d).
Tables 5 and 6 qualitatively summarize the capabilities of the CFD methods to predict

major flow topological features in wide and narrow step-down street canyons. For wide street
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Fig. 14 The mean relative error of flow topological features in wide step-down street canyons using different
CFD methods
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for the different CFD methods: a BNMSE for streamwise velocity component, b BNMSE for vertical velocity
component, c R2 for streamwise velocity component, and d R2 for vertical velocity component
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Table 5 Qualitative comparison of the capability of different CFD methods in capturing the flow topological
features in wide step-down street canyons

Method Saddle point Primary vortex In-canyon separation point Secondary vortex

QUIC-URB Always Always Seldom Never

RANS Often Always Never Never

LES Often Always Often Always

Table 6 Qualitative comparison
of the capability of different CFD
methods in capturing the flow
topological features in narrow
step-down street canyons

Method Primary vortex Secondary vortex

QUIC-URB Always Never

RANS Always Always

LES Always Always

canyons, QUIC-URB is the only method that includes the saddle point for all of the tested
downwind building heights. However, both the LES and RANSmethods simulate the feature
for more than half of the test cases and LES does a superior job of correctly positioning the
saddle point (Fig. 14). The primary vortex is a relatively well-predicted topological feature
for all of the methods and for different street-canyon configurations. In contrast, the in-
canyon separation point is collectively by far the most difficult feature to predict. Neither
the QUIC-URB nor RANS model is successful in simulating it on the ground; QUIC-URB
only predicts the feature for a few of the street-canyon configurations, while RANS never
produces an in-canyon separation point. LES is the only method that successfully captures
the location of the in-canyon separation point for many of the cases. Even with LES, there
are still a few instances where the method fails to predict this feature. The secondary vortices
are also difficult for RANS and QUIC-URB to simulate, and LES is again the only method
that successfully produces this feature in the proximity of the bottom corners of the upwind
and downwind buildings. For narrow step-down street canyons, qualitative predictions of
flow topological features are generally better with a few caveats (Table 6). While all methods
are capable of predicting the primary vortex, both RANS and LES models successfully
predict the secondary vortex, while QUIC-URB is unable to resolve the feature. A second
issue is that both QUIC-URB and RANSmethods sometimes produce an extra street-canyon
vortex between the two buildings at the height of the downwind building as discussed in
Sect. 5.1.3.

6 Conclusions

We evaluated the ability of three different CFD methods to predict important flow structures
and topological features in step-down street canyons (i.e., a tall building followed by a short
building), by comparing methods with high-spatial-resolution two-dimensional wind-tunnel
data.We used a novel and comprehensive evaluation process to focus on the dynamics of flow
topological features that form as a result of different geometric configurations. We highlight
the strengths and deficiencies of CFDmethodswith different levels of flow-physicsmodelling
in tracking the spatial variability of the dominant flow topological features in street canyons
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with uneven building heights and explain requirements for further improvements of the CFD
methods in urban-flow studies.

The methods we evaluate include a fast-response empirically-based flow model (QUIC-
URB), ameanNavier–Stokes solver (RANS), and a fully three-dimensional unsteadyNavier–
Stokes solver (LES). We consider street-canyon widths (S/W ≈1–2.5) and downwind-to-
upwind building-height ratios (0–0.69), including very small to tall downwind buildings.

Canyon along-wind centreplane (x − z plane) numerical results suggest that QUIC-URB
does not properly predict flow-regime transitions as the canyon configuration changes. A con-
sistent problem is the substantial underestimation of vertical flowmotions deep in the canyon.
While the RANSmethod performed better than the QUIC-URBmethod, it still partially fails
to predict flow-regime characteristics, particularly in the case of wide street canyons, where
the in-canyon separation point fails to be predicted. Moreover, the interaction of the lateral
flow and the street-canyon cavity flow is dominated by an exaggerated recirculation zone at
the top of the upwind building. The LES method yields the most reasonable results with the
correct prediction of the flow regime characteristics in most of the studied canyon configu-
rations, capturing the in-canyon separation point and secondary recirculation zones in wide
street canyons. A horizontal plane inter-comparison of the three methods shows good agree-
ment between the models in the prediction of building sidewall separation zones and their
growth from the upwind building leading edge. Although all methods agree on the sidewall
flow features, this is not the case for flow interactions between the recirculation and flow
equilibrium zones in the canyon. The RANS model strongly overestimates the coherence
of the structures compared with QUIC-URB and LES. In particular, RANS exaggerates the
development of the counter-rotating vortex pairs in the street-canyon cavity and behind the
downwind building.

In checking the resolution sensitivity for each method, we found a required resolution for
capturing the recirculation zones for both QUIC-URB and RANSmethods of 3.2, and 2m for
LES. LES is superior both qualitatively and quantitatively in capturing the evolution of the
complex flow topological features with changing street-canyon geometry, while QUIC-URB
and RANS both struggle with some features. However, even LES fails to predict the in-
canyon separation and saddle points at high downwind building heights, and underestimates
the strength of updrafts in the canyon. The QUIC-URBmethod outperforms (underperforms)
the RANS method for wide (narrow) street canyons. Some non-physical flow topological
features were produced by both QUIC-URB and RANS for a number of canyon configu-
rations. The accuracy of each CFD method in the prediction of different flow topological
features deteriorates for street canyons with larger along-wind street-canyon widths. In wide
street canyons, QUIC-URB outperforms RANS in the prediction of the streamwise velocity
component, while the RANS method better predicts the vertical velocity component. The
QUIC-URBmethod becomes almostmonotonically poorer for increasing downwind building
heights. With both the RANS and LES methods, results for the vertical velocity component
deteriorates non-monotonically with greater downwind building heights.

Not surprisingly, LES yields the most realistic predictions of the complex flow structures
for the street-canyon cases considered. However, the computational cost of even a single test
case is much higher than either the QUIC-URB or RANS methods, with over 20,000,000
and 1400 times more CPU hours required per simulation, respectively. In addition, the strong
sensitivity of LES results to the inflow and the difficulties in generating the appropriate
upstream profiles, are challenging aspects of this method. Thus, the general applicability of
LES in practical engineering problems for urban-flow studies is significantly limited, so that
improving low-cost reliable CFD methods is a necessity.
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We highlight here the requirements for improvements in different CFD methods by quan-
tifying the discrepancies in the prediction of dominant flow topological features in street
canyons with uneven building heights. The QUIC-URB method needs to account for transi-
tions in the flow regime, as well as for vertical flow in the lower half of the street canyons.
The RANS method requires improvements in turbulence closure schemes and boundary
conditions. The LES method fails to capture some of the flow topological features at high
downwind building heights and underestimates vertical motions, indicating the need for
further improvements in subgrid-scale turbulence models and surface and inflow boundary
conditions.

Overall, for future improvements of CFD methods in urban-flow studies, it is essential
to focus more on the capability to reproduce the dynamics of flow topological features
with geometric changes in complex street canyons. High-spatial-resolution wind-tunnel data
have a critical role in rigorous evaluation of the methods. Flow analysis around rotated and
isolated buildings, step-up street canyons (i.e., a short building followed by a tall building)
with various building widths, and realistic full-scale cities, are further critical steps needed to
identify the parameter space over which different CFDmethods are valid, and to characterize
their reliability, thus increasing their adoption and usage in urban design and planning.
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